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PESTICIDES AND THE
LIVING LANDSCAPE

ROBERT L. RUDD

With a Preface by Dr. Norman W. Moore,
Head af the Toxic Chemical and Wildlife
Section, Monks Wood Experimental Station,
Huntingdon

In recent decades the widespread use of
chemical pesticides has greatly improved crop
production, providing a much-needed increase
in supplies of food for growing human popula-
tions. Mot surprisingly, however, the large-
scale introduction of new toxic chemicals into
the environment has brought new hazards to
all living organisms, including man, Dr. Rudd,
a professional zoologist, of the University of
California, was one of the first to realize the
importance of this problem. To his far-sighted
warnings was added Rachel Carson’s impas-
sioned plea, Silent Spring, which involved not
only scientists but the general public in a con-
troversy that has continued to rage at all
levels,

Pesticides and the Living Landscape is the
first comprehensive scientific appraisal, supply-
ing the statistical, analytical and biological
background against which controversial ques-
tions can be understood, and no one is better
qualified to write it than Dr. Rudd, with his
long-standing awareness of the nature of the
problem, and his active participation, for a
number of years, with individuals and organi-
zations interested in pest control, His approach
is ecological: he calls for a new outlook which
treats pest species as dependent on the same
natural forces which influence all living things.

In Britain pesticides are mainly used to pro-
tect agricultural and horticultural crops, while
in the United States they are extensively used
against insect carriers of disease, in forests and
in stretches of water and marshland. It must be
remembered, however, that a much greater
proportion of land in Britain is under cultiva-
tion. With a few exceptions, the same pesticides
are used in both countries. Measures to control
their use are differently organized in the two
countries, but neither system is adequate. Dr.
Rudd's book is an important contribution to
the success of future measures, It should be
read by all who have to take decisions, of large
or small dimensions, on matters of pest control,
and by all who are interested in this world
problem, which affects the general welfare in
the widest sense.






Pesticides and

the Living Landscape

by
ROBERT L. RUDD

with a foreword by
NORMAN W. MOORE

FABER AND FABER
24 Russell Square

London



First published in England in memixv
by Faber and Faber Limited
24 Russell Square London Wi
Printed in Great Britain

by Latimer Trend & Co Ltd Whitstable
All rights reserved

Copyright © 1964 by
the Regents of the University of Wisconsin



FOREWORD
by DR. NORMAN W. MOORE

Head of the Toxic Chemical and Wildlife Section
Monks Wood Experimental Station, Huntingdon

']:I-:e main problems that face mankind today are ecological. In particular,
ways must be found to control populations (including Man’s) and to increase
biological productivity. These problems are being affected profoundly by
the chemical revolution of agriculture, which has occurred during the past
quarter of a century. This is a most significant historical event because it
enables Man to control his environment much more than hitherto. Already
pesticides have saved the lives of millions of human beings and have in-
creased the productivity of farmland to an extent undreamed of before the
war. It is not surprising that the introduction of many new chemicals—all of
them designed to kill living organisms—into the environment should have
brought new hazards as well as new benefits. Implicit in Dr. Rudd’s book is
the recognition that Modern Man must think in ecological terms if he is to
survive. Paradoxically the misuse of pesticides may have been valuable in
forcing us to think ecologically.

Dr. Robert Rudd was one of the first to realize the ecological nature of the
pesticide problem and its importance. In 1956 he and Dr. Richard Genelly
published a handbook called “Pesticides: Their Use and Toxicity in relation
to Wildlife” for the State of California’s Department of Fish and Game.
Many scientists,including the writer of this Foreword, have reason to be grate-
ful for its fund of useful information. It included some far-sighted warnings
about the use and misuse of pesticides. It is a sad comment on our age that
they went unheeded by most. It was not until Miss Rachel Carson had
written Stlent Spring, an impassioned advocate’s plea, that the world began
to face the pesticide problem. It is fitting that one of the first scientists to
appreciate the nature of the pesticide problem should have written the first
scientific appraisal of it. The value of Pesticides and the Living Landscape
speaks for itself; it is a privilege to introduce it to British readers. In doing
so I should draw attention to those differences between the American situa=-
tion and our own; for, while the ecological and philosophical ideas in Dr.



Rudd’s book are as applicable here as in the U.S.A., there are considerable
differences in the use and control of pesticides between the two countries.

In Britain pesticides are mainly used against pests of agricultural and
horticultural crops and in orchards, and rarely against forest pests or insect
carriers of disease. Among our vertebrates, only rats and mice in or near
buildings, and moles are controlled extensively by chemicals. In the U.S.A.,
on the other hand, vast acreages of forest are sprayed annually with insect-
icides, as well as farmland; much fresh and brackish water and marshland are
sprayed against mosquitoes. Pesticides are used widely against rodents and
carnivorous mammals in areas far from human dwellings. They are also used
to kill unwanted species of fish. Herbicides are used much more extensively on
roadside verges than in Britain. Inedible crops, principally cotton and to-
bacco, which are not grown in Britain, are treated extensively with chemicals.
In general, while the proportion of non-agricultural land to agricultural land
is much greater in the United States than in Britain, proportionally more of
it is sprayed in the United States.

Most pesticides used in one country are also used in the other. There are
a few important exceptions, for example, the organochlorine insecticide toxa-
phene is used widely in the U.S.A., but in Britain its use is restricted to the
control of earthworms. Patterns of cropping and land ownership differ
widely and so spraying procedures are very different in the two countries.
For example, large scale treatments covering hundreds or thousands of acres
are extremely rare in Britain, but common in the U.S5.A. The New World has
suffered more severely than Britain from highly destructive introduced pests;
some of the largest spraying programmes in the U.S.A. have been directed
against them. For these reasons aerial spraying is done much more there than
in Britain.

Measures to control the use and misuse of pesticides are very different in
the two countries. In the United States, control is by extensive State and
Federal legislation; yet there has been inadequate consultation between the
health and agricultural authorities administering the schemes; further, con-
servation biologists do not share in the direct control of pesticides as they
do in Britain. The British Pesticides Safety Precaution Scheme is administered
by committees consisting of medical, veterinary, agricultural and biological
members, and is a voluntary one. Neither system of control is adequate and
great efforts are being made in both countries to improve them. Special
efforts are being made to reduce the use of highly persistent compounds. The
success of future measures will owe much to the influence of Dr. Rudd. He
has already done much to encourage a balanced view about pesticide control;
this important work will further clarify a world problem which is both new
and complicated, and which challenges many of our commonly held
assumptions.

NorMAN MooORE
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PREFACE

Nﬂ creature before man conceived of or achieved the ability to
change the earth’s surface according to its will. The land surface of
the earth bears clear evidence that in some places, pock-marked and
discontinuous, the dominance of man over environment is now es-
tablished. Politically, we now label these pocks the well-developed,
the favored, the modern nations. The spaces between them we call the
backward, the underdeveloped, or—once popular—the “have-not”
nations. It is the current fashion of the favored nations to set about
applying to the larger remainder of the world the same methods that
have allowed their rise to relative afluence. This commitment to total
dominance over the producing portions of the earth, irrespective of po-
litical patterns, is a new event in earth history. Limited technology his-
torically has confined the scope of man’s domination and dulled his
dreams of full mastery. Even so limited, local domination frequently
had tragic results as so many magnificent ruins attest. The immediate
successes of modern technology are not clouded by pessimistic reflec-

ix
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tions on the past. Rather, an optimistic view prevails. We no longer
need dream of a world in which material security and comfort are avail-
able to all. Seemingly we have the means to achieve them and we
should, as we are constantly persuaded, set ourselves with conviction
to the task of accomplishing the ends as quickly as possible. Only a few
voices ask what is the product to be and what is its price?

In our optimistic flush we may fail to see that both means and ends
of man’s dominance require constant appraisal. This book is an attempt
to evaluate only one of many avenues to man'’s mastery of his environ-
ment. It rests on the question—How can we control the many thou-
sands of plant and animal species that compete with us for food, fiber,
and timber or in some way threaten our health and comfort and at the
same time recognize, preserve, and enhance the productive, cultural,
and spiritual values that the living environment gives to us?

Therefore, this book treats relevant aspects of five subjects, not one:

(1) How man exploits the living environment.

(2) How he challenges the organisms that interfere with his ex-
ploitation.

(3) How successful he is in controlling these competing organisms.

(4) The methods he uses to control them,

(5) The price he pays for the methods in practice.

The last-listed is my chief emphasis.

None of the subjects is new, but there is a particularly good reason
why they should be examined now. Methods of controlling competing
organisms have become dependent on widespread application of poi-
sons that, while controlling, produce undesirable effects. The effects of
control agents, when not limited to a particular pest species, immedi-
ately give rise to questions of value. How much will we sacrifice to
achieve the desired control of one organism? This question is currently
a heated one, with viewpoints ranging to the extremes. Somewhere be-
tween these extremes lies a compromise zone in which practical de-
cisions lie. The likelihood of pleasing everyone on the question of
values is very small indeed. But, values aside, the suspicion arises in
the minds of many that current emphasis on chemical control agents
may be self-defeating in the long run, Moreover, the subtlety and mag-
nitude of chemical effects are only now becoming fully apparent, Some
of these effects, although not immediately visible to all, have impressed
even the most tolerant that something is wrong with current chemical
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control practices, and with the educational and governmental philos-
ophies that support them.

There are, then, three classes of objection to present emphasis on the
control of living things by chemicals:

(1) From those who deplore the change in the organic environment
that inevitably accompanies chemical use.

(2) From those who feel that the balance of value judgments is awry
—that the values received are not weighed equally with the losses.

(3) From those specialists who believe that biological complica-
tions resulting from chemicals are so great that chemical control is
self-defeating, and who believe that alternative methods of control
should be applied more widely.

This book describes some of the conflict between man and other
living things, and the methods we have used to reduce this conflict. It is
influenced throughout by the objections listed above, and may there-
fore seem to show inordinate preoccupation with real and potential
hazards, with imbalanced values, and with alternative control pro-
cedures. This emphasis is intentional.

My single purpose throughout this hook is to explain to the serious
reader, particularly one with responsibilities relevant to the subject,
what the kinds of hazards resulting from chemical pest control are.
There are three levels of explanation. The most general is Chapter 1,
in which I attempt a capsule description of the choices open to us.
Chapters 2 through 5 are intended to be summary reviews of the kinds,
economics, and regulation of pesticides—for the benefit of readers not
familiar with their character. The remaining 17 chapters constitute the
bulk of description and form the basis for my personal judgments and
recommendations intercalated throughout.

R. L. R
Davis, California
September, 1963
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I. PERSPECTIVE






1 - DISTURBANCE AND DILEMMA

Man’s accomplishments in preventing disease, in providing him-
self with food and shelter, and in increasing the efficiency of his labors
to permit himself more leisure time are impressive. Many are so im-
pressed with his abilities to change the living landscape in a fashion
best suited to his immediate interests that they believe man can be-
come exempt from the biological laws which govern his life and the
lives of perhaps two million species of plants and animals, Man has
been termed an ecological dominant—a creature capable of molding his
environment to his will, yet independent of it. Biblical allegory rein-
forces this belief that he was apart from, not a part of, the naturalistic
world.

But his dominance is not so firmly based. The living fabric of the
earth’s surface is of delicate and complicated weave. Nature is quite as
capable of preventing fulfilment of our aspirations if mistreated as of
rewarding us if understandingly managed. Sustained dominance can
come only through genuine understanding of the natural forces we have
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4 | Perspective

set about to guide and of which we are an integral part. Concomitance
—living with natural forces—rather than dominance is the only route
to enduring self-interest.

The illusion of ecological dominance can be illustrated with a mul-
titude of examples of environmental abuse—the barren lands induced
by overgrazing of livestock; the soils worn away by inappropriate
plantings; the once-forested watersheds that no longer store and re-
strain water; the streams, formerly clean and productive, that became
the sewers of urban and industrial man; the threat to living beings
from uncontrolled fall-out from nuclear explosions. But none of these
examples illustrates any more clearly than the subject of this book—
chemical pest control—the need for ecological concomitance.

The tools of pest control are now largely synthetic chemicals. These
chemicals—pesticides—are designed to kill or in some way inhibit the
plant and animal competitors that interfere with our health, comfort,
or production of foods and fibers. Some 200 basic chemicals are com-
monly used in agriculture and these are commercially presented in
thousands of different formulations under many trade names. These
chemicals are broadly categorized, according to their intended targets,
as insecticides, rodenticides, fungicides, and herbicides. Most can be
considered “biocides”—they kill living things. The same or similar
chemicals are used away from agriculture in public health, forestry,
fish and game management, rights-of-way maintenance, property pro-
tection, and recreation.

Generally speaking, the purposes of pesticidal use are clear and
widely accepted. We realize, for example, that successes in pest con-
trol have, along with other technological applications, greatly changed
the yields in American forest, grazing, and crop environments. In-
directly, we may be assured that crop production, toward which em-
pirical pest control has contributed, has risen greatly in the last five
decades. The area now under agriculture, for example, is about the
same as it was in 1910; but only one person in five now lives and works
on a farm in contrast to the three out of five in 1910 (Clawson et al.,
1960). We may also take as a measure of the success of agricultural
technology—in which pest control prominently figures—the ratio be-
tween numbers of farm workers and consumers. In 1920, one farm
worker produced food and fiber for eight, whereas in 1957 the ratio
was one to twenty-three (Gunther and Jeppson, 1960). Finally we can
accept as common observation that agricultural products of high qual-
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ity and great diversity are readily available to us all. In the basic crops
at least, we can also note that surpluses necessitating federal support
and storage schemes cost a great deal of money (some $8 billion an-
nually) and political contention.

But if chemical pest control is indeed so valuable, why should anyone
argue against it? Here are a few reasons:

(1) Most pesticides are nonselective; they kill forms of life other
than their pest targets.

(2) Their manner of use, though often increasing selectivity, is in
most cases not precise, the pesticide being restricted neither to the
pest species nor to the area where applied.

(3) Insufficient attention has been given to alternative means of
crop protection. Most alternative methods of pest control are culturally
or biologically based and result in greater diversity and stability in the
biota. Pesticides reduce faunal diversity—a natural control—and en-
sure instability.

(4) Many kinds of chemicals (notably the chlorinated hydrocarbon
group to which DDT belongs) are chemically stable; their survival in
soil, water, and living tissue is assured.

(5) Insidious pathways of biological transfer of toxic chemicals
are now well known. These channels of potential harm, long suspected
by biologists, include delayed toxicity; secondary poisoning; transfer,
storage, and concentration along plant and animal food chains; and,
at least potentially, mutagenic and carcinogenic effects. Yet many chem-
ically oriented persons continue to disregard the importance of these
biological consequences of pesticide use.

(6) Their use is entirely too single-minded in relation to the mani-
told effects they produce. It is not enough to restrict our concern to
their value in crop and personal protection.

(7) The technically supported viewpoints of the conservationist,
the resource analyst, the biologist, and the sociologist are too fre-
quently overlooked in pest control recommendations and in govern-
mental programing,

(8) Equally lacking is overt concern for the aesthetic and moral
values that must be considered in any application of technology to the
satisfaction of human needs and desires.

There are other reasons for complaint and those listed are not to
be weighed equally. None denies the clear value of pesticides in safe-
guarding ourselves and our food supply. All have been debated in the
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limited circles in which technologists, regulatory officials, agricultural-
ists, industrial representatives, and governmental policy-makers move.
However, the era of closed debate has ended. Silent Spring (Carson,
1962) made the debate public property.

The fields, forests, ranges, and waters are living systems capable
of change. With wise and cautious manipulation these producing en-
vironments will continue to supply our needs and pleasures. Prudently
directed ecological disturbances for the special satisfactions of man
require no justification. When pesticides are skillfully intercalated into
living systems with comprehensive knowledge of their target purposes,
the effects they produce, and the values they influence, they too re-
quire no justification, Unfortunately, most pesticide practices do not
measure up to these standards. We have little enough understanding of
the dynamics of biological environments. Yet now we are altering them
at a rate that precludes our understanding. Moreover, the appearance
of new kinds of pesticides and of new and profound effects from those
long in use has outpaced the rate at which their effects can be investi-
gated. The dilemma is a choice of directions. Shall we take the path
to achieve what Aldo Leopold (1949) called “...a state of harmony
between men and land”—a recognition of the concomitant place of man
in living systems? Or shall the path be toward the seeming dominance
that chemically maintained, ecological simplification promises?



II. CHEMICALS IN
THE CONTROL OF PESTS






IIIE common and often indiscriminate use of pesticides is perhaps
the greatest single contributor to the dilemma. The unfortunate bio-
logical results of this pervading use are the preoccupation of this book.
But to present these results without some attempt to describe the
nature of chemicals causing them, the philosophy and purposes guid-
ing the uses of pesticides, their economic importance, and the manner
in which use is regulated is unfair to both subject and reader. Such
an attempt is made in the next four chapters. The descriptions are
necessarily generalized and purposely subjective. The literature sources
cited provide easy entry into the many-sided and difficult problems
only hinted at here, The knowledgeable reader may wish to turn im-
mediately to Chapter 6.



2 - AN INTRODUCTION TO
CHEMICAL PESTICIDES

‘_[111& uses of pesticides in present-day plant and animal protection
are far too vast a subject for detailed presentation here. Many hundreds
of trade and technical journals devote their attention to the nature,
production, marketing, use, hazards, and worth of control chemicals.
Thousands of articles on these phases appear each year. It is probably
fair to say that the majority of scientists throughout the world are
somehow in a broad sense connected with chemical-use programs.
Certainly this judgment applies to medical and public-health workers,
agriculturalists, and veterinarians. However, technical mastery of the
field encompassed in pesticide chemistry and its biological applications
is beyond the abilities of most scientists. It is small wonder that scien-
tific advisory and regulative bodies are so fragmented in this area.

Vast as is chemical technology in relation to crop protection and
disease control, generalized accounts have been attempted. The best
single effort is the book Insect Control by Chemicals, by A. W. A.
Brown (1951). A book by R. L. Metcalf (1955) is an excellent recent
10
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summary, although somewhat narrower in scope. Both authors are
entomologists.

The great variety of chemicals and their uses dictates against a single,
uniformly applicable classification. I have listed below five general
classifications. Each has its value and should be used where appropri-
ate. As will shortly become clear, it is now the custom to consider
chemical structure (Table 1) the meaningful center of a classification
system, and to make such modifications toward other systems as seems
logical. Thus, organophosphorus compounds are chemically identified
under their “targets” as insecticides, miticides, or rodenticides, Or, to
complicate matters still further, rotenone, for example, may be identi-
fied by chemical structure, by its botanical origin, or by its targets,
either insects or fish, depending on the manner and placement of appli-
cations. The general inference is clear: Physiologically active chemicals
rarely produce effects confined to a single species. The manner of use is
depended upon to localize effects.

A Classification of Chemicals used in Pest Control
BASED ON PHYSICAL STATE (SOLID, LIQUID, OR GAS)

Solid materials are exemplified by—

(1) Dusts: finely divided particles of the active material, usually
combined with an inert bulk filler of equal size and easy dispersibility.

(2) Baits: toxic materials dusted on or soaked into food materials of
a target species (e.g., strychnine-dusted root baits for pocket gophers).

(3) Seed dressings: coatings of toxic materials formed from dusts,
or from crystals derived from solutions or suspensions in which seeds
are soaked. In effect, seed dressings are the same as baits (e.g., fungi-
cidal compounds on seed corn).

(4) Granules: large particles normally containing a mixture of an
inactive ingredient with a lesser proportion of the toxic material. Their
function is to release toxic materials relatively slowly, permitting
residual (long-lived) control.

Liquids are the common “spray” materials, exemplified by—

(1) Toxic substances in true solution (e.g., nicotine sulfate in
aqueous solution, or DDT dissolved in acetone).

(2) Toxic substances in suspension: finely divided solid particles in
large volumes of water (normally) to facilitate dispersal (e.g., “slurries”
of DDT wettable powder in water).
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(3) Toxic substances in emulsions: a toxic material usually sus-
pended as fine droplets in water, or dissolved in an appropriate solvent
before emulsification in water. Commercial emulsifiers are added to
prevent droplets from coalescing. Normally, large volumes of water are
used to aid in coverage.

(4) Vapors: finely divided droplets delivered under pressure and
held suspended in air, such as in some “mist” spraying or in some kinds
of “fumigation.”

Gases are reserved for confined spaces (normally limited to stored
products).—

(1) Toxic substances applied as gaseous fumigants in storage con-
tainers (e.g., carbon disulfide in ground squirrel burrows or in storage
bins).

(2) Toxic substances applied as solids but volatilizing quickly (e.g.,
crystals of paradichlorobenzene in moth control ).

(3) Toxic substances, applied in any form, that volatilize to add a
fumigation effect to other kinds of contact (e.g., parathion in citrus
groves; soil fumigants).

BASED ON TARGET SPECIES

Toxic chemicals can be broadly classified in reference to the plant or
animal groups toward which they are most frequently directed or are
most successful in control.

Insecticides—Since most pests are insects, this classification is
largest. For convenience, sometimes mollusks, crustaceans, and other
arthropods are included as “insects.” For example, freshwater crabs
in Central Africa are killed with the “insecticide” DDT because they
act as intermediate host to the blackfly causing the human affliction
onchoceriasis. The crab is the most susceptible link in the vector chain.

Herbicides—Plant control agents act in several ways, but all have
the ultimate effect of killing plants. Selective herbicides affect one
major group and not another, For example, 2,4-D acts far more effec-
tively on broad-leaved plants than on narrow-leaved plants. In general,
herbicides produce death by direct poisoning or by accelerating growth
rates. “Partial death” results when only parts of plants are affected.
Examples are the debarking of trees with sodium arsenite and defoli-
ation of cotton to facilitate harvest,

Acaricides and miticides.—Arachnids of the order Acarina include
the ticks and mites. Most insecticides do not kill them. The flare-ups in
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mite numbers in postwar years are directly traceable to the removal of
insecticide-susceptible predators of these mites. In recent years a good
deal of emphasis has been directed toward mite control.

Fungicides—The most destructive group of plant parasites is the
fungi. Many are beneficial, but many others—rusts, mildews, and molds
—are serious plant pests, Fungi are normally controlled by copper-
bearing or sulfur-bearing compounds.

Rodenticides.—While these poisons are toxic to all orders of mam-
mals, their predominant use is against rodents and carnivores. The same
poisons are also occasionally used to control birds. Traditionally,
rodenticides have been chemicals of high toxicity applied to bait
materials. Recently, the anticoagulants (e.g., Warfarin) have become
the major chemicals to control commensal rodents. The anticoagulants
are seldom used away from human dwellings.

All the foregoing groups are classified by pest targets. Sometimes the
“target” is defined by crop or commodity type, the commonest example
being “cotton insecticides.” There are other similar expressions, but
such use is better avoided.

BASED ON PURPOSE OF APPLICATION

Direct effects on a pest species are of two kinds: reduction in pest
numbers (referred to most often as reductional control) and prevention
of access. Reduction in numbers is by far the commoner control pur-
pose; the extreme case of reduction is eradication. Purposeful eradica-
tion of well-established species is difficult, expensive, and usually un-
successful. Preventing access to a crop or dwelling site is normally
accomplished by physical means. Examples are trenches around fields
to trap white-fringed beetles, and rat guards on ship hawsers, Chemical
repellents are, in general, not widely used. In a few special situations
(e.g., rodent repellents on pine seed), they yield good results. Cost of
treatment is frequently prohibitive, but a more basic reason is the lack
of effective repellent chemicals.

Chemical pesticides may be used indirectly to produce either of the
results described above. If number reduction is intended, a toxic chemi-
cal may be directed at a link in a chain (e.g., mosquito control to
reduce transmission of the malarial organism), or it may be applied
in a manner that ensures translocation to a part of a plant or animal
carrier where it becomes available to the offending pest species. Sys-
temic insecticides are based on the latter idea. Such chemicals are
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distributed by “circulatory” systems of plants and animals and render
the entire organism toxic; hence they have as their targets sucking
species or, in a few instances, species living in circulatory fluids.

Hormone herbicides accelerate growth processes and, if the growth
rate is extreme, produce death. An important instrument in the success
of growth hormones is translocation within the treated plant (see
Crafts, 1961).

Chemical attractants are usually a food bait or a sex scent which
lures the animal to the means of destruction. Examples are urine scents
at coyote trap “sets,” and electrocution devices near insect sexual
scents, Note here that the most successful attractants are derived from
the animals themselves, and depend for their success on detailed knowl-

edge of the animals” habits and physiology (Green et al., 1960).

BASED ON MANNER OF CONTACT OR PHYSIOLOGICAL ACTION

The somewhat superficial distinction between stomach and contact
poisons is useful for general purposes. Toxic chemicals that are eaten
with food and, upon absorption, cause death are stomach poisons.
Producing their effects through the surface of the body qualifies chemi-
cals as contact poisons. Insects absorb contact poisons directly through
the outer skin layer or through the respiratory system. Most insecticides
are applied to plant surfaces to ensure that the poison will be eaten or
walked on. “Tracking powders” in rodent runways accomplish a kind
of exposure not dependent on baits.

A time factor is frequently indicated in descriptions of effects. Most
commonly, the alternatives are “short-lived” and “residual.” No easy
distinction can be made between the two. Short-lived or immediate-
action chemicals usually retain poisoning capabilities for only a few
days; residual chemicals maintain their toxicity for longer periods—
usually three to four weeks, but claims are sometimes heard of residual
control for one or more years (e.g., control of fire ants for two or three
years by granules containing heptachlor). Residual effects are par-
ticularly important in control of disease vectors; often-repeated treat-
ments are too costly. In no case do residual chemicals control with
equal effectiveness throughout their entire active period.

The pharmacologic actions of a given class of toxic chemicals may be
used in description, usually by toxicologists and clinicians. The modes
of action of major chemical groups of interest to my subject are sum-
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marized below. For further information, see the following references:
entomological (R. L. Metcalf, 1955); toxicological (Stewart and Stol-
man, 1961); wildlife (Rudd and Genelly, 1956 ).

Organic phosphate compounds—These poisons act as potent in-
hibitors of the neural enzyme cholinesterase. Acetylcholine accumulates
at the nerve junctions because of the inactivation of cholinesterase and
impedes transmission of impulses to glands and muscles. Symptoms of
poisoning in mammals include lacrimation, vertigo, muscular weakness,
tremors, and dyspnea. In some instances, particularly among the sys-
temic insecticides such as Systox, the technical material does not have
as much inhibiting capacity as do its metabolites formed after assimila-
tion into living tissue. There is very little residual accumulation of
organic phosphates in tissue although additive effects are possible if
exposure is repeated before cholinesterase levels have returned to
normal. Aquatic organisms are surprisingly little affected by dosages
highly toxic to terrestrial forms.

Chlorinated hydrocarbon compounds.—Unlike the organic phos-
phates there is no real understanding of the mode of action of the
chlorinated hydrocarbon insecticides. Moreover, effects of various mem-
bers of this class are often so divergent as to suggest quite different
modes of action. In general, however, if one uses the best-known
member—DDT—as primary reference, the site of physiological action
is the central nervous system. Symptoms following single exposure
range from increased sensitivity and hyperexcitability with low dosages
to characteristic severe tremors, tonic contractions, and convulsions
with high dosages. Chronic ingestion results in many histological
changes, among which is fatty infiltration of the liver and heart. Resi-
dues may be stored, accumulated, and concentrated in fatty tissue to
be released slowly when exposure is withdrawn or more rapidly when
stored fat is called upon as an energy source. Aquatic organisms are
extremely sensitive to most chlorinated hydrocarbon insecticides. Ap-
parently oxygen uptake at the gills is impeded; death comes from suf-
focation, not—initially at least—from toxic effects on the central
nervous system.

Arsenical compounds.—Acute arsenical poisoning is characterized
by gastroenteritis and diarrhea leading to violent spasms before death.
Kidney and liver injury are common consequences of chronic poisoning.
Arsenic compounds with heavy metals will cause symptoms and injury
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characteristic of both arsenic and heavy metal poisoning. Lead arse-
nate, for example, may also induce neuritis, kidney degeneration, and
vascular disturbances.

Carbamate compounds.—The primary mode of action of the toxic
carbamates can, for our purposes, be considered cholinesterase inhibi-
tion resulting in symptoms like those described for the organic phos-
phates.

Rodenticides.—Because of their wide diversity, rodenticides cannot
be classified by a single chemical or physiological category.

(1) Strychnine: The spinal cord is affected by acute poisoning pro-
ducing general stiffening of the body, tonic convulsions, and paralysis.
Strychnine is relatively stable in tissue and may result in secondary
poisoning to scavengers of the victim.

(2) Sodium fluoroacetate (Compound 1080): The first action of this
extremely hazardous chemical is excessive stimulation of the central
nervous system. Heavier dosages or delayed actions produce cardiac
dysfunction, particularly ventricular fibrillation. Compound 1080 is
highly stable in living tissue and regularly allows secondary poisoning.

(3) Zinc phosphide: Depression is a prominent symptom. Poisoned
animals are comatose and internally show severe liver damage. Zinc
phosphide is not as stable in tissue as strychnine and Compound 1080.
The odor of phosphine gas can be detected arising from the intestinal
contents of poisoned animals.

(4) Thallium: The primary action of thallium is on the central
nervous system. Initial symptoms of acute poisoning are depression,
lack of muscular coordination, and respiratory distress. Chronic in-
gestion yields severe effects on the liver, kidneys, and alimentary canal.,
In spite of its high toxicity, thallium kills rather slowly. Most fatalities
occur within three days of ingestion of a lethal dose. Thallium is stable
in tissues and has regularly produced secondary poisoning.

(5) Warfarin: This relatively safe chemical depends on repeated
ingestion for its action. It is an anticoagulant, its action being to lower
the prothrombin (a blood-clotting factor) content of the blood. All
affected animals show severe internal hemorrhaging.

BASED ON CHEMICAL NATURE

The most useful system of pesticide classification defines detailed
chemical character within a loose framework of control purpose. Thus,
under “Insecticides” we identify inorganic and organic chemicals. In-
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TABLE 1

A condensed classification of major pesticides

Chemical group or action Examples

Insecticides and acaricides

Inorganic
Arsenicals Lead arsenate
Copper-bearing Copper sulfate
Sodium fluoaluminate Cryolite
Organic, naturally occurring
Nicotine alkaloids Nicotine sulfate
Pyrethroids (also synthetic) Pyrethrum
Rotenoids Rotenone, ryania
Organic, synthetic

Chlorinated hydrocarbon compounds  Aldrin, aramite, benzene hexachloride,
chlordane, DDT, endrin, heptachlor,

methoxychlor, toxaphene
“Dinitro” compounds DNOC
Organic phosphorus compounds Chlorthion, DDVP, diazinon, mala-
thion, parathion, phosdrin, schradan,
TEFP
Carbamates Sevin
Fungicides
Mercurials Mercuric chloride, “Ceresan”
Quinones Fhygon
Dithiocarbamates Nabam, ziram
Others Captan, thiram
Herbicides
Contact toxicity Sodium arsenite, oils, “dinitro” com-
pounds
Translocated (particularly hormone
types) 24-D, 24.5-T, dalapon, many others
Soil sterilants Borates, chlorates, others
Soil fumigants Methyl bromide, vapam
Rodenticides ( mammal poisons )
Anticoagulants Warfarin, pival
Immediate action Strychnine, sodium fluoroacetate
(“1080”), phosphorus, ANTU,
thallium, endrin

Other vertebrate targets

Birds Strychnine, TEPP
Fishes Rotenone, toxaphene
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organic chemicals may be further divided into compounds containing
arsenic, copper, mercury, and so on. Organic chemicals may be handled
in similar fashion. The final classification reflects the major use of the
chemical, but does not avoid some overlap among the various cate-
gories of control purpose. For example, endrin is a synthetic chlorinated
hydrocarbon useful as both insecticide and rodenticide. Table 1 pre-
sents the major pesticides according to a simplified “mixed” classifica-
tion.

Assessing the Hazards of Chemicals

Many thousands of chemicals have been tested as pesticides. Any
accepted chemical must serve a recognizable control purpose, must
have no uncontrollable side-effects on human beings, must be usable in
present productions systems, and must be available at reasonable cost.
Not many chemicals satisfy these requirements. The manner of achiev-
ing the control purpose is not critical; there are many modes of action.
Unusually high inherent toxicity is not of itself a deterrent to pesticide
acceptance. More important considerations are the degree of success in
control and the magnitude of side-effects. Some highly toxic chemicals
are used with greater safety than some of lesser toxicity.

Toxicity and hazard of chemicals are not synonymous. Pesticides are
by definition toxic agents. A pesticide is usually capable of harming
forms of life other than the target animal. Very few application tech-
niques can be considered thoroughly safe as far as potential hazards
under all conditions of use are concerned, and therefore most pesticides
should be regarded as hazardous. The same applies to medicinal chem-
icals prescribed by physicians. The potential hazard of any chemical
varies directly with the character of its toxicity and with the level of
dosage: The hazard may be slight, as with the hormone herbicides, or
it may be great, as with most rodenticides. In practice, however, this
interpretation is only partially correct. Formulation and use recom-
mendations alter both toxicity and exposure. The manner of application
and the area in which a pesticide is applied are more important con-
siderations in assessing actual hazard than is inherent toxicity alone.
Generalizations regarding hazard based solely on toxicity are better
avoided. Hazard judgments must consider inherent toxicity in the
context of local use and environment. Only then can actual hazard be
determined.

For practical purposes, actual hazards cannot be assessed until a
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chemical is in use. The sequence followed in determining the efficacy
and hazard of a pesticide is about as follows:

(1) Screening of chemicals yields promising “candidate materials.”

(2) Immediate toxicity of purified material is gauged in laboratory
animals by single administrations at different dosage levels through
oral, dermal, and respiratory routes., The individual result is the acute
toxicity. Because responses to toxicity vary greatly, individual toxicity
values are judged in relation to a large test population. Toxic symptoms
and sublethal effects are also noted at this stage of testing. Death is the
chief criterion. The effectiveness of the chemical at a given dose is
gauged by the number of deaths in a test population. The most com-
mon standard for comparison is the LD;, (lethal dose for 50 per cent),
the amount of chemical resulting in the death of half the test popula-
tion. These values for many common pesticides discussed in this book
are presented in Table 2. Note that these values are approximations at
best. They do not provide comparisons of differential effects deriving
from age, sex, and species, nor can they be used to interpret many of
the subtler but important effects exemplified later. There are also other
useful percentage figures, notably the LDy, the minimum amount of
chemical that kills all the test animals,

(3) Subsequently the effects of multiple doses and long-lasting ef-
fects of single doses are observed on large populations, usually over a
period of a few days to a month. However, these observations may be
regarded only as short-term toxicity studies. True chronic toxicity must
be observed over considerably longer periods—up to perhaps two
years, With the current emphasis on chemical residues, chronic-toxicity
studies normally center on continuing intake of small amounts of chem-
ical, a single dose of which would produce no effect (see Table 2).

(4) Before chronic studies have been completed, small plot studies
are begun at the research stations of the manufacturer or at those of
governmental agencies or universities. The agricultural experiment
stations are important cooperators at this phase. At this stage the candi-
date chemical is prepared in formulations which are appropriate for
pest control under field conditions.

(5) Continued “promise” being assumed, the chemical is applied in
different formulations under actual growing conditions on croplands.
Many farmers cooperate in this phase. There is concerted effort at this
time to apply the chemical on as many crop types and in as many
regions as possible,
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TABLE 2

Acute and chronic oral toxicities of some common toxic pesticides,
based on experimental studies with rats. Chemicals are arranged in
decreasing order of acute toxicity within major headings. Data from
A. W. A. Brown (1951), Martin (1957a), Metcalf (1955), Rudd
and Genelly (1956), and Spector (1956).

Hazardous
Acute LDso chronic level
Pesticide (mg./'kg.) (p.pm.)
Arsenicals
Sodium arsenite 10 —
Arsenic trioxide 138 15
Lead arsenate 825 <4
Botanicals
Rotenone 132 30
Ryania 1,200 10,000
Pyrethrins 1,500 511
Organic phosphates
TEFP 2 -
Thimet 4 —
Parathion 6 25
FPhosdrin 7 30
Schradan 10 1
Chlorthion 880 75
Malathion 1,375 5,000
Organic carbamates
Sevin 500 =750
Chlorinated hydrocarbons
Endrin 10 5
Heptachlor 60 40
Aldrin 67 25
Toxaphene 69 1,200
Dieldrin 87 10-50
BHC (Lindane) 125 400
DDT 250 100
Chlordane 335 150
Methoxychlor 7.000 3,000
Dinitrophenols
DNOC 26 100
Rodenticides
Sodium fluoroacetate 3 e
Strychnine alkaloid 16 200
Thallium 17 50
Zinc phosphide 40 100
Warfarin 200 6
Petroleum distillates

Xylene — 200 (air)
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(8) Collected information is presented to regulatory agencies for
registration. Information includes toxicity and field-trial data and any
recommendations for specific uses. In most cases, the testing time is
insufficient for complete chronic-toxicity data, and use recommenda-
tions are meager.

In general, the foregoing six points cover the sequence of develop-
ment and first use of a pesticide. At the completion of this sequence,
the pesticide is put on the market if there are no apparent contraindica-
tions arising from the testing. A close watch is kept initially on the
manner and quantity of consumer use, while long-term chronic-toxicity
tests continue and tests are made on other species of crop and pest. In
short, to the point of marketing, hazard is assessed largely by short-
term toxicity trials, and efficacy in pest control is judged primarily on
limited field trials. Manufacturers, growers, and public-health and
regulatory officials depend on further consumer use to refine the assess-
ment of actual hazard. Undesirable side-effects in nature are rarely
evaluated and can only be inferred from accumulated data. Depend-
ence on use to assess full hazard is the rule, not the exception. This
state is looked upon as reasonable and desirable by most individuals
involved in developing and testing.



3 - DOMINANCE OR CONCOMITANCE?
LOCAL, MASS, AND INTEGRATED CONTROL

Tle target being a pest species, either plant or animal, there are two
courses toward effective control. One route to its control is a chemical
blanketing which discounts the place of natural regulating forces in the
biotic community. The alternate route places its primary dependence
upon natural regulating forces and sparingly intercalates toxic chemi-
cals as supplements when necessary. Most local control and what has
come to be known as “mass” control follow the first route; “integrated”
control, the second. One route rests on man’s absolute dominance of
the natural biota through chemicals, satisfying only a single purpose;
the other, on concomitance with the biota, assisted by chemicals, satis-
fying many values. This chapter dwells at length on these alternatives
for they are the basic choices facing present pest control practice.

Chemical Blanketing—Local and Mass Control

Both local and mass control depend on the same manner of chemical
distribution, Yet there are some important differences in both the pur-

22
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poses and the effects of application. Traditional pest control is local,
applied to single crops or environments, dominated by private interests,
and scarcely capable of blanketing large areas. Mass control is very
nearly the opposite of each of these points, At its simplest, mass control
means large-scale pest control, but the size of the treated area is not
enough alone to differentiate local or traditional pest control from mass
control. Purposes, sponsors, methods, hazards, and attitudes also differ,
The tollowing parallels will identify the differences between local and
mass treatments.

=1

Local

. Target of control usually a single

pest species.

Normally, an established pest
species responding to usual
cultural practices.

Treatment confined to restricted
environment, usually a single
crop type.

Control result usually temporary
suppression of numbers, necessi-
tating repeated treatment.
Purpose very rarely quarantine
or eradication.

Nonselective chemicals applied
as a rule; but selectivity of
target often achievable.
Application sometimes by air,
but ground treatment usual;
normally, treatment not coordi-
nated with that on neighboring
areas.

. Treatment initiated and paid for

by landowner; or if, as in mos-
quito control, responsibility not
assumed by landowner, opera-
tion initiated and paid for by
local government.

Mass

. Target also a single pest species,

but more widely damaging.

. Normally, a recently established,

rapidly dispersing species fa-
vored by both cultural practice
and climatic sequences.

. Treatment covers many kinds of

environments, although one type
may predominate,

. Result usually suppression of

numbers for periods longer than
a }'Eﬂr.

. Purpose frequently quarantine

or containment, often with
eradication as a stated goal.

. Similar chemicals used; but se-

lectivity rarely possible.

. Application normally by air,

often using the larger aircraft
not practical in local crop
treatment. Where a large-scale
control campaign can not rely on
aircraft (e.g., in Dutch elm
disease control), coordinated
programing achieves the “mass”
effect.

. All programs conducted by

governmental groups, normally
state and federal; public funds
meet at least two-thirds of cost.
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Local Mass
9. Exposures to toxic chemicals 9. Exposures may be acute, but are
acute and temporary. more apt to be chronic and

longer lasting,

10. Faunal instability is inherent in 10. Faunal instability derives chiefly
local treatment areas; chemical from chemical application.
application merely accentuates
it.

11. Recovery of desirable species  11. Recovery of desirable species
more likely in limited, local slower, because of reduction
treatment. over larger areas; sometimes

compounded by chronic effect.

12. Elimination of desirable species 12. Virtual elimination of desirable
not likely directly from chemical species as result of mass control.
treatment. After all, the purpose of mass

control is often eradication—
induced extinction. The meas-
ures to accomplish this in one
species do the same to other
species.

13. Local control is generally con- 13. The necessity for mass control is
ceded to be necessary to plant not so conceded.
and animal protection and to
public health.

Differences between the two types of control are not absolute. There
is in fact a transitional level, where differences are hard to define.
Transitional stages come about for these reasons:

(1) Private control programs, through either custom or active co-
ordination, result in synchronous practices over contiguous areas. One
example is trapping, shooting, and poisoning of predatory mammals on
private rangelands.

(2) Occasional pest outbreaks are countered by single practices
throughout a large area. An example is the spraying of dieldrin over
130,000 acres of California rice land in 1953 to suppress an outbreak of
rice leaf miner,

(3) Regular and repeated recurrences of pest outbreaks in single
crop species met by uniform methods of control result inadvertently in
wide-scale synchronous treatment. Repeated parathion treatments in
apple or citrus orchards will illustrate.

(4) Regular dependence on common advisory sources such as uni-
versity extension services results in standardized pest control proce-
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dures uniformly affecting large areas in which similar crop types occur.
Points 3 and 4 are obviously related—the latter being the source of
recommendation, the former the recommendation in practice.

Some common practices therefore do produce a kind of mass control
similar in effect to planned mass control. In few instances, however, are
area-wide effects considered a goal of treatment or, for that matter,
recognized for what they are, Intent is an important component of
planned mass control; the purposes of mass control and local control are
not the same. The hazards of mass control (however control is in-
tended) include those in local control, although frequently intensified,
along with others peculiar to mass control. Examples of the hazards of
mass control are resistance, residue contamination, delayed and sub-
lethal effects, and threatened extinction of native species. These and
other problems are discussed in detail later. At this point I wish to in-
dicate some common control programs that are based on mass-treat-
ment methods. The first five of these are described later as type ex-
amples of the scope, methods, and hazards of mass-control operation.
These five campaigns alone have in recent years annually covered be-
tween four and six million acres in the United States and Canada. The
total annual world-wide coverage of the campaigns listed below (and
the list is incomplete) probably exceeds 200 million acres.

Spruce budworm (U.S., Canada)
Gypsy moth (northeastern U.S.) and
several other forest insects as well
Japanese beetle (mid-Atlantic, central U.S.)
Dutch elm disease (northeastern, central U.S.)
Imported fire ant (southeastern U.S.)
Grasshopper (western U.S.)
Mediterranean fruit fly (southeastern U.S.)
Mormon cricket (western U.5.)
Mosquitoes (many countries)
Beet leafhopper (California)
Tsetse fly (Africa)
Deer and opossum (New Zealand)
Forest rodents (U.S.)
Wild dogs—coyotes, dingoes (U.S., Australia)

SPRUCE BUDWORM

This tortricid moth and some closely related forms occur in northern
coniferous forests of the Pacific slope and in the northeastern United
States and bordering Canadian provinces. In recent years, its depreda-
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tions have been most severe in Maine, Quebec, and New Brunswick.
The larvae are defoliators; when present in large numbers, they are
capable of killing trees. Partial destruction of foliage, moreover, slows
the growth of timber and in some instances makes trees more vulnerable
to additional insect attack. In contrast to most major pests, the spruce
budworm is native to this continent. Damage is not severe in the south-
ern reaches of its distribution, where forests include deciduous trees
and where natural enemies apparently limit population numbers effec-
tively. Where outbreak levels occur to the north, spruce and balsam
predominate. The species seems to be curiously out of balance with
natural controlling factors for sequences of several years. Sometimes the
build-up and maintenance of high populations, continuous for 10 to 15
years, appear to be associated with favorable long-term climatic se-
quences. The species is, in fact, spreading its range, and is doing so
without special assistance from man’s timbering activities. Apparently
the dispersal and high population densities ot the budworm reflect the
biological responses of a species not yet in equilibrium with its environ-
ment nor yet having reached its ultimate distribution.

Spruce budworm damage has been recognized as severe for over fifty
years. Studies (notably by F. C. Craighead and S. A. Graham) begin-
ning in the 1920’s set the pattern for increasingly intensive investiga-
tions, which have continued to the present. For several years the
Forest Biology Section of Science Service in Canada and the United
States Forest Service have maintained well-supported field and labora-
tory investigations on the budworm, Particularly important research
centers are the forestry laboratories at Yale University and the Uni-
versity of New Brunswick. It was not until 1944 that trials with DDT
revealed any genuine promise of area-wide control of the budworm.
Very intensive trials quickly followed, and within three years aerial
applications of DDT over forests became the standard method of con-
trol of budworm and several other forest insects. Up to five million
acres of conifer forest have been sprayed in single years with DDT in
attempts to suppress the budworm. Ordinarily the treatment is made
on blocks of thousands of acres with DDT in oil at rates of 0.5 or 1
pound per acre. Much of the control operation takes place on public or
crown lands, and is planned and conducted by public agencies. Public
funds meet much of the cost.

The experience of the past fifteen years confirms that direct loss of
terrestrial animals is unlikely if recommended procedures and dose
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rates are observed. Aquatic animals, however, are particularly sensitive
to DDT, and catastrophic reductions of fish and aquatic insects often
follow DDT contamination of streams, Less direct effects of DDT
spraying of this kind do occur on both land and water. Some of these I
describe later (see Chapter 20, for example), but the full extent and
significance of these effects (one musi fairly report) have yet to be
assessed.

Spruce budworm operations with DDT have probably covered more
continuous acres than has any other spraying scheme, possibly 20 mil-
lion to date, From the beginning the operations have been questioned
by conservationists on the basis of actual or potential hazard. More
recently, they have been criticized by forest entomologists and man-
agers, who have concluded that inordinate dependence on chemical
control does not permanently solve the control problem, and that such
dependence in fact inhibits efforts to install good silvicultural and
biological practices that would be permanent controls, Whatever the
argument, aerial spraying for budworm will probably remain until an
effective biological antagonist can be found and distributed. I suspect
that many years and millions of treated acres separate the present and
the time when the budworm will be permanently suppressed by non-
chemical means.

GYPSY MOTH

Control of the gypsy moth, like the spruce budworm, depends on
relatively light applications of DDT in oil (1 pound per acre) aerially
dispersed over wide areas. As with the budworm, gypsy moth larvae
defoliate trees and, when present in outbreak numbers, are quite
capable of killing trees. Public agencies normally conduct control
operations against the gypsy moth. In fact, for seventy years state and
tederal agencies have recognized the seriousness of the gypsy moth as
a pest and have organized publicly financed campaigns against it. The
gypsy moth may thereby claim the questionable honor of being the
first forest insect against which mass-control operations were con-
ducted. These points end the similarities to the spruce budworm and
its control. The differences between control procedures used against the
two species have given substance to one of the bitterest controversies
yet to arise in pesticide use. Before I elaborate on the reasons for this
strife, a few facts are needed about the history of gypsy moth control
itself (see Worrell, 1960, for a particularly thorough review).
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Gypsy moths in this country derive from a few individuals that in
1869 escaped from a colony near Medford, Massachusetts, that had
been brought to the United States from France by a French scientist.
Within twenty years the population had grown large enough to cause
serious damage to hardwood trees, and in 1890 the Massachusetts
legislature enacted a law aimed at eradicating it. Aggressive spraying
campaigns followed, which were apparently effective in reducing num-
bers. But adverse weather over a period of years contributed to low
numbers. By 1899 the moth was seemingly producing no further
damage, and support for control was withdrawn. However, the insect
population quickly built up again, and by 1905 the gypsy moth was
more widely established than before. In that year the Massachusetts
legislature renewed support, and establishment of the moth in other
New England states precipitated the intervention of the federal govern-
ment, Within a few years the insect had spread into New Jersey, New
York, and Pennsylvania, but in these states most pockets of infestation
were eliminated by local eradication programs. Attempts to import
natural enemies led to successful establishment of a few but did not
effectively curb either population numbers or the westward dispersal
of the insect. Two standard control procedures were followed in the
1920’s and 1930's. One was chemical treatment of outlying pockets of
population at the strict quarantine or barrier zone surrounding the
main population center. The purpose was containment until effective
biological control agents could be found. Outbreaks of moths within
the containment area were, of course, treated with insecticides (nor-
mally lead arsenate). This policy continued for some twenty years. Un-
fortunately, the strong hurricane that struck New England in 1938 car-
ried large numbers of insects into southern New York State and into
Pennsylvania, where earlier establishments had been removed. Popula-
tions larger than previously known were now securely established be-
yond the barrier zone.

The appearance of DDT changed the outlook from one of contain-
ment to one of eradication. The hazards of DDT were not well known
at the time, however, and efforts to learn of them led to several years
of the most intensive studies ever conducted on the side effects of a
chemical in field use. Joint studies by the Department of Agriculture
and the Department of the Interior continued from 1944 to 1949. The
effort was commendable and the results were comprehensive; like
ventures have not been made since, The gypsy moth reached Michigan
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during this time, and the earlier fears of entomologists were confirmed.
There seemed to be no containing it. Eradication was the only answer.

Not until the middle 1950’s were the study, support, and machinery
of control (with eradication as its purpose) sufficiently integrated to
initiate mass control over large areas. While many complaints had been
lodged against small-scale campaigns conducted over the years, most of
the complaints were considered minor by control officials, and plans to
increase control coverage went ahead without delay. The plan for 1957
was to spray most of a 2.5-million-acre area.

Objections were formalized during 1957. In May of that year a group
of Long Island residents, headed by the eminent ornithologist Dr.
Robert Cushman Murphy, sought a temporary injunction against the
spraying of their properties., The injunction was denied and the 1957
campaign went forward. But spraying was not confined to woodlands.
Unlike previous federal mass-spraying schemes, the program was in
large part conducted in densely settled areas and also contacted pas-
tures and forage crops. It received a great deal of unfavorable publicity.
The outlying infestations apparently were eliminated in 1957.

Meanwhile the Long Island group had appealed its case, asking for a
permanent injunction against the spraying on its properties. With court
action pending and the 1957 campaign an apparent success, control
officials decided to hold eradication programs in abeyance during 1958,

Testimony in the “gypsy moth” or “DDT” trial was offered before
Judge Bruchhausen in February and March of 1958, Very soon it be-
came apparent that the entire issue of aerial spraying with DDT was on
trial, not simply the violation of individual property rights. Some 1400
pages of testimony by 50 witnesses reviewed the relevant questions of
hazard to human health and wildlife, of control philosophies and suc-
cesses, and of the general advantage served. In June, Judge Bruch-
hausen dismissed the request for injunction on the basis that charges
against the program had not been substantiated.

The pesticide industry and the control agencies of government had
won.” What they won, however, was a technical—only a legal—
decision, The publicity attending the trial alerted many thousands of
people to the potentialities for harm that such control campaigns offer.
This fact was recognized by control officials, One practical manifesta-
tion was the decision of the Plant Pest Control Division not to continue
its eradication attempts against the gypsy moth in the same fashion.

The gypsy moth has fortunately “cooperated” to the extent that out-

a4
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break levels have not reappeared. What will happen when an outbreak
reappears is difficult to predict. It is sure, however, that mass treatments
will in the future be subject to closer scrutiny by control agencies them-
selves; the sensitizing of large segments of the public has ensured that.
Thus, the final decision on the “DDT trial” may yet be rendered.

JAPANESE BEETLE

The first American appearance of the Japanese beetle was in New
Jersey in 1916. In its native Japan it is not considered a pest, although
it has become one when transported elsewhere throughout the world.
The beetle has flourished in this country, spreading in forty years
throughout most of the states east of the Mississippi River. It is most
favored where summer rainfall is moderate and winter temperatures
do not stay below freezing for long. The insect is capable of strong
flight, and its gradual westward spread has been largely the result of its
natural ability to disperse, though commercial transport also favors it.
It has been recorded in isolated colonies in many places (mainly air-
ports) throughout the United States. A good deal of furor, for example,
followed the recent discovery of several individuals near Sacramento,
California, a full 2000 miles from the nearest center of high population.

The most accessible link for control in the life cycle is the grub, or
larva, of the beetle in soil and turf. Ordinarily, therefore, insecticides at
high concentrations have been used to contaminate the top few inches
of soil. General soil contamination demands higher amounts of insecti-
cides than does foliage treatment, Over the years of chemical treatment
of the Japanese beetle, amounts of insecticides have always been high
and hazardous. Per acre figures have, in a succession of recommended
procedures, ranged from 400 pounds of lead arsenate, to 25 pounds of
DDT, to 2 pounds of aldrin. In spite of the apparent differentials in
dose rates, the effectiveness of these amounts is much the same, The
hazard seems to have mounted. Now the custom is to apply dieldrin,
aldrin, or heptachlor by air at rates of 2 or 3 pounds per acre, At these
levels, all are hazardous to warm-blooded animals; moreover, all form
persistent toxic residues. Dieldrin is most stable; aldrin converts to
dieldrin; and heptachlor forms a stable, more toxic epoxide. Current
Jupanese beetle control methods, therefore, are inherently hazardous
in both the short and the long term.

Recent control campaigns are designed to stop the westward spread
of the beetle rather than to eradicate it, In the areas of longest oc-
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cupancy in this country, Japanese beetle populations seem to have
stabilized, Natural enemies have been introduced; a few have been
fairly effective in limiting numbers. The best known of these is a
bacillus (B. popilliae) that causes “milky spore” disease. Under certain
circumstances this disease becomes established and keeps beetle num-
bers well in check. More often, however, effective control requires that
the spores be released repeatedly at the correct time, The manner of
use is much as with an insecticide. Thus manipulated, milky spore
disease effectively maintains low beetle numbers. In fact, the disease
was the first to be termed a “living insecticide.”

Needless to say, biological control of this kind is not compatible with
an eradication philosophy. Eradication demands chemical treatments,
Recent efforts to eradicate populations on the western fringe of the
Japanese beetle’s range have depended on high doses of the chlorinated
hydrocarbon insecticides mentioned. Up to 1960, six states at the cur-
rent western line of distribution (Michigan, Indiana, Kentucky, Illinois,
lowa, and Missouri) had treated 96,000 acres in cooperation with the
Plant Pest Control Division of the United States Department of Agri-
culture, The kinds and amounts of insecticides, the manner of treat-
ment, and the character of the landscape have ensured wildlife loss.
Hazards of other sorts may also be expected under these conditions,
but most of them are reduced to a minimum through careful observa-
tion of proper procedures.

Wildlife losses have been severe on occasion. For example, ground-
feeding birds were virtually eliminated from treated areas near Shel-
don, Illinois (Scott et al., 1959). So too were muskrats, rabbits, and
ground squirrels. No one knows the full extent of loss, nor has anyone
studied the more subtle hazards that are likely following mass applica-
tion of stable chemicals. Not knowing the full impact of such chemical
treatments is as much the present cause of concern as is the observed
heavy wildlife mortality. There lies the crux of the controversy over
current Japanese beetle control campaigns. Comparable treatments
clsewhere suggest that wildlife effects may be much greater than im-
mediate mortality alone suggests.

There are other complaints too. One involves the eradication purpose
itself. Biological methods can be, and have been, used successfully.
Proponents of this method of control essentially argue for “living with”
the insect, just as we have been doing for 45 years. They argue that it
is too late to attempt eradication; the species is now too well estab-
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lished, Wildlife loss, other hazards, and the costs of successful eradica-
tion do not justify an all-out eradication campaign with present meth-
ods of treatment.

There are also complaints against the manner of administration of
control campaigns. Probably the most serious is the failure to inform
the public properly. Also, many areas containing only a few beetles
were nonetheless treated as if beetles occurred everywhere in high
numbers, This indiscriminate feature of application sustains biological
objections to mass-control methods.

As currently practiced, the Japanese beetle campaign appears
doomed to fail. It is neither subtle nor imaginative; nor is it (and this
is most important) effective. Success in local suppression perhaps re-
tards dispersal, but in no way does eradication appear possible. Two
alternatives are open: One is a change of attitude—away from the
eradication purpose; the other is a change of method—to specific means
of control. A specific chemical means of eliminating Japanese beetles
entirely without harm to other animals has yet to be found. Containing
its numbers with biological control agents seems the only reasonable
solution, I am confident that the public will not tolerate an indefinite

continuation of the present chemical approach to Japanese beetle
control.

DUTCH ELM DISEASE

The fungus that causes Dutch elm disease has been in this country
for some thirty years. In that time it has caused the death of many
thousands of urban shade trees. Curiously, the fungus, itself imported
from Europe, depends for its transmission on a bark beetle accidentally
introduced some years before the fungus made its way to the United
States, Both fungus and beetle can live separately, but together they
produce “ideal” conditions for their own welfare. A closely related,
native beetle also can carry the fungus, but is considered not so danger-
ous as the introduced form.

Elms are, of course, valuable shade trees, Exactly how valuable in
dollars is hard to say. Perhaps three to five hundred dollars is a proper
range for an established elm in a good location. But the value of elms
transcends economics and involves the intangible values of providing
shade, ornamentation, tranquility, and a wildlife haven. Evaluation of
loss of such a noncommercial commodity must necessarily be subjective
when cost of treatment is weighed against gain from control.
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The spread of Dutch elm disease can be slowed by removing all dead
wood from affected trees. Beetle galleries are found only in the dead
and dying portions of the tree. However, sanitation of this kind is
expensive and, in the experience of urban controlling agencies, not
likely to be followed consistently by homeowners. DDT is very effec-
tive in killing bark beetles and in keeping them out of trees for some
months following heavy application. Eliminating the beetle carrier
stops the dispersal of fungus spores, and the disease thereby becomes
inconsequential.

Since the advent of DDT as the major chemical in the control of
Dutch elm disease, the equivalent of over two million acres has been
sprayed. Doses per tree range from a minimum of 2.5 pounds of DDT
to over 17 pounds where elms are large and numerous ( George, 1959).
Normally these amounts are dispersed in large volumes of water by
high-pressure spraying machines.

In contrast to other large-scale types of treatment, Dutch elm disease
control with DDT does not depend on dispersal of insecticide by air-
planes. DDT spray is therefore reasonably well confined to the area
where elm trees occur. Spraying has probably thus far slowed the
spread of the disease. It has nonetheless made its way throughout New
England and adjoining Canada, the Middle Atlantic states, and into
the North Central states. It has reached as far west as Kansas and
probably will continue its spread. The aggregate area under treatment
—entirely urban—is therefore very large. The uniformity of recom-
mended procedures and the intensity of their application throughout
this large area qualify this manner of treatment as true mass control.

The quantities of DDT necessary to kill bark beetles are more than
sufficient to kill birds in or about sprayed trees. Moreover, the stability
of DDT ensures its survival for months and even years in the soil under
treated trees. This stability has other distressing biological conse-
quences which are later described in detail (see particularly, Chapter
20). I need only say here that bird populations after spraying are often
depleted from acute exposure to DDT, and that longer-range effects
further reduce bird numbers. Losses are most marked where the density
of elms is high. There is no doubt in my mind that millions of birds
have been killed by DDT sprays on elm trees. Nor can there be any
doubt that the character of urban bird populations must change, at least

where elms are common, with repeated heavy spraying for Dutch elm
disease control.
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Control of Dutch elm disease with DDT has always provoked
controversy between bird lovers and control officials. Recently the con-
troversy has been strongest in Michigan, Wisconsin, and Illinois
(Hickey, 1961). The problem is paradoxical. Elm trees are appeal-
ing and valuable; so also are birds. In saving the elm by current control
measures, we preserve a refuge for the bird but we kill the bird. The
only logical position is therefore to seek methods that safeguard both
trees and birds. Fortunately there exists a chemical near-relative of
DDT—methoxychlor—that is about as effective as DDT in killing
beetles but poses no real hazard to birds (Wootten, 1962). Unfor-
tunately, methoxychlor costs three times as much as DDT, Until the
last year or two this cost differential (one dollar per tree with DDT
to three dollars per tree with methoxychlor) was enough to exclude
methoxychlor from control programing. However, several communities
have elected the seemingly more expensive course on the basis that
greater value accrues in the long run. Doubtless other communities will
make the same decision and perhaps ultimately DDT will not be
recommended for Dutch elm disease control. Other chemicals are
under study as control agents, but none yet satisfies the requirements
of both bird and tree protection. Few will accept the premise implicit

in using DDT on elms: that most birds must be sacrificed to protect
trees.

IMPORTED FIRE ANT

Seven species of fire ants (Solenopsis) are distributed throughout
warm temperate regions of the Americas. Three are native to the
United States. Shortly after World War I a dark form of S. saevissima
from Argentina became established in Mobile, Alabama, and slowly
spread throughout the surrounding region. In the 1930's a smaller
reddish form of saevissima appeared in the same area, apparently
representing a second major introduction. The latter form aggressively
made its way beyond the state’s borders by 1940, swamping out by
interbreeding and internecine warfare the established black phase
(Wilson and Brown, 1958). At present North American populations are
chiefly the red phase, tending to replace native forms as well as the
dark phase.

Undisturbed ants build small mounds of hardened earth which be-
come more numerous with increased time since establishment. Older
mounds may number 15 to 25 per acre and be two or three feet high,
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Needless to say, the presence of mounds interferes with farm opera-
tions. Moreover, fire ant stings are painful and two or three deaths have
been recorded from their stings. The ant is clearly a major nuisance.
However, its role as major crop pest is disputed. Studies in 1948 and
1949 announced hazard to livestock and certain crops, but later ap-
praisals do not confirm predictions from those studies. All research
work on the species was conducted during 1948-49 (W. L. Brown,
1961 ).

Meanwhile in the years from 1940 to 1956 the fire ant had made its
way throughout eleven states in the Southeast. Because of the early
predictions, although lacking proper study of both ant and control
methods, the U.S. Department of Agriculture in 1957 requested con-
gressional approval for control of the fire ant. The request was granted
and a 2.4-million-dollar annual allocation approved with the stipula-
tion that local matching funds be made available. Most states and many
local agencies and individuals did respond with matching funds, but
very often control operations went forward without them. A massive
operation was set up with great speed. The first spraying using 2
pounds of dieldrin or heptachlor per acre began in November, 1957,
Heptachlor at 1 to 1.25 pounds per acre was substituted in 1958, and
this regime was later amended to two applications of 0.25 pound each
spaced three or four months apart. Over two and one-half million acres
of land have been aerially treated with heptachlor or dieldrin in the
dosages described.

Not until the operation was under way were wildlife and health au-
thorities notified. Immediate opposition to the program resulted—
opposition which was to grow to national controversy. Fish, wildlife,
livestock, and poultry suffered losses, the destruction of wildlife border.
ing on catastrophic. An initial appraisal (George, 1958), setting forth
an outline of observed and probable adverse effects, was later abun-
dantly amplified with data on excessive mortality (DeWitt and George,
1960; Southeastern Assoe, Game and Fish Comm., 1958, among many
others). An Agricultural Research Service publication (1958) on the
“facts” of the eradication program was countered easily by different
and more impressive “facts” (e.g., Arant ef al,, 1958 ). The insect was
not considered more than a nuisance in any of the southern states: it
did not destroy crops, wildlife, and livestock. However, the chemicals
in use did eliminate vertebrates from some areas, recovery of some
populations not being certain yet. The spraying program did create
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residue problems; it did contribute to insect outbreaks themselves
requiring control (Long et al., 1958); and it has cost at least 15 million
dollars. It did not eradicate the fire ant; the ants have in fact “re-
infested” most treated areas. The Plant Pest Control Division of the
U.S. Department of Agriculture had clearly made a massive mistake;
the operation was a failure from its inception.

On the basis of the many doubts engendered, the Alabama legislature
withdrew matching funds in 1959, followed by the Florida legislature
in 1960. The “all-out attack” was abandoned; local control is present
practice. New and effective control methods have been developed
under the stimulation of controversy, but they did not come from the
control program’s sponsor. For example, Hays and Arant (1960) sug-
gested a bait material that seems effective. In 1962 a new chemical
(Mirex) was given extensive field trials. This chemical applied on bait
seems to control fire ant numbers without obvious damage to game
birds (Baker, 1963; George, 1963 ). Nonetheless, several hundred thou-
sand acres were treated with heptachlor in amounts to two pounds per
acre in Louisiana alone in 1962. Full substitution of Mirex for chlo-
rinated hydrocarbon insecticides was scheduled to begin in 1963 (Keith,
personal communication).

Unlike the successful eradication programs against the Mediterra-
nean fruit fly and the screw-worm, the fire ant program lacked imagina-
tion, depth of prior knowledge, and the promise of success that both
inspire. Lacking from the beginning was research information adequate
to guide a control program of such scope (W. L. Brown, 1961). Equally
lacking was a truly cooperative approach among agencies concerned
with the operation. I believe that the failure of this program marks the
end of eradication attempts by “blitz” methods.

The Integrated Control Concept

Natural forces restrict the numbers of plants and animals, and these
limiting forces affect pests in the same way as any other species.
Natural controlling forces do not always keep numbers low enough for
man’s convenience. Man-induced disturbances, in fact, ensure that pest
numbers will on occasion be high. Because of these disturbances,
natural means of control cannot in most crop ecosystems be depended
on at all times to suppress numbers of pests. Therefore, natural antago-
nisms may be consciously implemented through biological control. At
the present time, chemical and biological control methods are regarded
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as the chief means of holding pest numbers in check, These two ap-
proaches to control are frequently considered alternatives, one method
in practice being antagonistic to the other, This supposition of conflict
is not realistic, In the first place, it overlooks the fact that natural
controls must inevitably be depended on to a large degree in any crop
situation, whatever chemical practices are followed. Secondly, with
adequate knowledge and conscious management, one method may
well supplement the other. The conscious harmonizing of chemical and
natural control methods against pests is what is meant by integrated
control ( general references, Stern et al., 1959; van den Bosch and Stern,
1962).

Thus, integrated control is distinguished from other methods of con-
trol by three features existing together in combination: The basic
dependence is on natural processes in pest control; chemical and
natural methods of control are combined against single pests; and the
two kinds of control are integrated in a sequence best suited to the
crop ecosystem. With these as operating premises, it is clear that any
chemical used in an integrated control program must disrupt natural
equilibria as little as possible and should survive no longer than neces-
sary. The general purpose of chemical agents in such a program is to
reduce pest populations to levels at which antagonistic organisms take
over the function of control. Needless to say, the chemicals must do
little or no harm to these competing organisms.

Integrated control is not a new idea. Foresters, particularly in
Europe, have used the concept for many years. In fact it forms the basis
of most control practices in present European forestry. In Europe also,
the concept extends to agriculture, where a thread of minimum biologi-
cal disturbance runs through most crop-protection practices, The long-
term studies of Pickett and his colleagues (e.g., Pickett, 1961) in the
orchards of eastern Canada are based on harmonizing chemical and
biotic controls for most effective insect control. They are integrated
controls, although not so termed. The recent popularity of integrated
control among economic entomologists in the United States does not
mean that the concept is either new or previously misunderstood.
Rather, present failures of chemical control have engendered new en-
thusiasm for integrated control.

Integrated control is biological common sense. The changes in faunal
balance that are inherent in crop ecosystems certainly cannot always
be contained satisfactorily by biological means. To combat pest prob-
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lems economic entomologists have always sought methods that were
sure and widely applicable. Chemical controls have repeatedly shown
their value in limited control situations. When the high insecticidal
value of DDT and later synthetic insecticides became clear, it was not
surprising that these chemicals were rapidly seized as easy solutions
for old problems. What is surprising is how quickly entomologists seem-
ingly forgot that pest control is a biological, not a chemical, problem.
In the postwar years there has been an enormous emphasis on chemical
technology disguised under various biological headings. Most practic-
ing entomologists came to feel that the solution to all insect control
problems lay in chemicals. All one had to do was select the proper
chemical and apply where needed. There was, of course, opposition
to inordinate dependence on chemical controls (as examples, the early
warnings of Nicholson, 1939, and Wigglesworth, 1945), but in the flush
of hopeful enthusiasm for final solutions the biologists who held the
opposing view were not seriously regarded. Now we see that the op-
position correctly appraised the biological environment. Biotic compli-
cations following chemical control soon became as serious as the prob-
lems they replaced, or more so. Even now some applied biologists are
reluctant to concede that chemical control practices need changing.
Fortunately, their voices are fading.

Present approval of integrated-control systems stems largely from the
overenthusiastic use of chemicals in pest control. The problems dis-
cussed in this book remind us that chemical pesticides are not the only
means of controlling pests. Nor is there any single method. Basic de-
pendence on natural controlling agents must be appreciated and
fostered. Where chemical or other controls can be used to assist
natural controls, they should certainly be called upon. But the pest
control practitioner must first be an ecologist, whatever other tools or
disciplines he may depend on to assist him in his ecological manipula-
tions. The integrated-control concept puts perspective back into insect
control. It has been lacking for the last two decades.

Integrated control depends on procedures that can be, and normally
are, used separately, There are some more or less minor procedural
characteristics that set it apart from other approaches to control, but,
basically, its methods are borrowed from the traditional approaches.
Integrated control is, in fact, not so much a procedure as an attitude,
an outlook on how best to control pests. Properly practiced integrated
control, as now in effect in such widely diverse crop environments as
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Nova Scotia apple orchards and California alfalfa fields, accomplishes
these things:

(1) Chemical applications are less frequent and are often in smaller
amounts, leading to lower costs to growers and reduced hazards to both
growers and consumers,

(2) Reduced chemical use leads to fewer biological complications
Among these are lesser likelihood that resistance will develop and a
greater survival among natural enemies of pest species.

(3) Reduced chemical use enables successful biological manipula-
tion of two kinds: rebuilding of stable biotic complexes previously
simplified by pesticides, and the introduction and survival of imported
biological-control agents specifically aimed at target pest species. Both
means, by increasing the complexity of fauna, result in greater stability
and fewer numbers of all species.

The proper integration of control techniques requires a great deal of
knowledge. It has become standard practice to depend upon the most
knowledgeable—the expert—for advice in pest control matters. Ad-
visers and consultants in production biology are now legion. But more
than their occasional counsel is required. Integrated control demands
knowledge, inspection, and responsibility. These requirements lead to
much closer supervision of pest control. Supervised pest control has
been practiced in German forests for 25 years (Franz, 1961). With |
perhaps less rigidity than in Germany, supervised pest control is the
rule in American forests. To a lesser extent this applies to pest control
in orchards. In both orchard and forest, long tree life and relatively
great biotic stability make supervision and integrated control feasible.
Only in very recent years has the feasibility of integrated control in
annual crops been demonstrated (Stern et al., 1959).

Here are two recent examples to show that integrated pest control
schemes can indeed be successful in annual crops.

The spotted alfalfa aphid ( Therioaphis maculata) appeared in Cali-
fornia in 1954 and soon spread throughout much of the alfalfa-growing
regions (Stern and van den Bosch, 1959). Parathion and malathion
were immediately put into use to reduce aphid numbers. But the con-
trol was temporary at best, and the amounts and frequency of chemical
application had to be increased. Resistance among the aphids to these
insecticides began to appear, in combination with near-total destrue-
tion of the natural enemies of aphids. The result was phenomenal
numbers of aphids and unprecedented crop damage. The inherent dan-
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ger of total reliance on insecticides in aphid control became clear. A
return had to be made to a better degree of natural control. In many
trials, a systemic insecticide (Systox) reduced aphid populations,
while harming natural enemies very little. Moreover, insecticide-
induced mortality did not have to approach 100 per cent for satisfactory
control, Lower doses could be used. Meanwhile new enemies—insect
parasites and fungi—were successfully introduced. The combined ac-
tions of a selective insecticide and matural enemies, both native and
introduced, now keep the aphid populations in satisfactory check with-
out excessive cost, great toxic hazard, or development of insecticide-
resistant populations. In this instance an occasional dependence on a
toxic chemical serves only to complement natural controls, not to
hamper them.

The second example concerns an established pest and a more compli-
cated series of adjustments against it. Hornworms (Protoparce sp.) on
tobacco are usually reduced in numbers by insecticides. Most states in
which hornworms occur also recommend cultural control by burning
or plowing-under the tobacco stalks that remain after harvest. Hand-
picking of larvae is sometimes recommended. Generally, there has been
little effort to control them with natural antagonists, but any success-
ful means of doing so would bring at once the advantages of lower cost
of control and reduced residue problems (a particularly important
aspect of insecticide use on tobacco). In recent years Rabb and his
colleagues at North Carolina State College have successfully integrated
a variety of control techniques against hornworms that are remarkable
for their effective simplicity (see, for example, Lawson et al,, 1961).
Paper wasps (Polistes sp.), known to be effective predators of horn-
worms, were encouraged to multiply by providing easily constructed,
artificial shelters around tobacco fields. (Increases in the bird popula-
tions of forests in Germany, England, and Russia have been achieved
in a directly comparable way for similar purposes!) These shelters
could be permanently stationed about fields or moved as needed, in
the manner that beekeepers move hives for pollination. The predation
of wasps alone accounted for a removal of about 60 per cent of the total
population of hornworms. Under some circumstances reduction was
greater. Occasionally, for a variety of cultural and climatic reasons,
predator populations were low and insecticides had to be used to effect
control. In these instances the chlorinated hydrocarbon insecticides
TDE and endrin were used to reduce numbers of hornworms to levels
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at which wasps could assume control. In contrast to previous insecti-
cide applications, chemicals were applied only to crown portions of
plants, and then in lesser amounts, and fewer applications were re-
quired. Costs and residue hazards were reduced by this integrated
scheme of biological, cultural, and insecticidal control. The net effect
from any viewpoint is an improvement on prior control methods.

The future of the integrated-control concept is excellent. It rests
upon the awareness of applied biologists that crop ecosystems, like all
others, are complex living communities. Insecticides intruded into them
inevitably cause disturbances (Pimentel, 1961). In view of the serious
nature of these disturbances, single-minded attention to target species
cannot now be condoned. When an ecological basis for insect control is
widely appreciated among entomologists, insecticides can properly be
used to correct the ecological imbalances that occasionally must occur
in crop ecosystems. The entomologist will then become an ecological
counselor—like the physician, a prescriber of chemicals. “Prescription
entomology” is a proper way of describing coming patterns of insect
control.



4 - LOSS, COST, AND GAIN

I-.[:IE need to control pests of a great variety of kinds is obvious and
universal. While there is no need to justify a greater advantage to our-
selves in biological competition, we must be sure that advantage will
in fact accrue when pest control is undertaken, The public acceptance
of chemical control programs has rested upon an assumption of general
advantage. The first portion of this chapter describes the goals and
manner of making judgments in three categories of use: The first is in
public health; the second, in crop-protection—agriculture and forestry;
and the third, a miscellany of limited but well-defined uses that I term
“special.” All three are use categories. There must be a source of the
chemicals put to the foregoing uses; the production and distribution
of chemicals are undertaken by the large and rapidly growing agri-
cultural chemicals industry and its ancillary services. Therefore, the
fourth and last section of this chapter briefly describes the amounts,
variety, and distribution of this industry’s products.

42
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Pest Control in Public Health

When the cause of discomfort, debility, or death of man is an animal
that carries an infectious microorganism or a parasite, we condemn the
carrier animal as well as its offending passenger. Such an animal is a
vector, and most public-health pest control programs are vector control
programs. By custom, nuisance insects are included under vector con-
trol.

Anopheles mosquitoes carrv the sporozoan parasite that causes
malaria, Since we cannot deal effectively with the malarial organism
by itself, we aim at its carrier. Mosquito control is now conducted on
a large scale throughout the world. The social consequences of malaria
reduction and eradication are beyond measure. Dirett control of the
disease results, of course, but other benefits are an improved vitality
that gives rise to a more productive people and one more resistant to
other diseases. Knipling estimated in 1953 that no less than 5 million
lives had been saved and over 100 million illnesses prevented through
the use of DDT in controlling insect-borne diseases. Many millions
could now be added to these figures. Death rates in Madagascar and
Ceylon were almost halved within two years of the introduction of
DDT for mosquito control (Hess, 1956).

More than a dozen other important diseases are transmitted by mos-
quitoes. These include yellow fever, encephalitis, filariasis, and dengue
fever. Taken as a group, there is probably no more serious set of
diseases to which mankind is exposed. And there are other vector-borne
diseases, such as tularemia and scrub typhus, that, at least locally, take
their toll. No region of earth is totally exempt. In the United States the
most serious mosquito-borne disease at present is encephalitis in its
various forms. The incidence of the disease is relatively low and is kept
low by continual source reduction, sanitation, and prevention of access
of mosquitoes. The amount of time and expense which goes into the
study and prevention of encephalitis is justified by the results.

A massive effort has gone into the attempt to rid Central and South
Africa of the tsetse fly, Glossina, a carrier of the trypanosome protozoan
causing sleeping sickness, Locally—that is, in terms of a few thousands
of acres—areas have been made habitable for man and his domestic
animals. Here the reward of successful control is not measurable. The
difference between success and failure is the difference between per-
manent productive human occupancy of land and a transient tenancy
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of the least productive kind. Large areas of Africa still remain to be
cleared of the vector.

With such high goals in mind, one may wonder little about the price.
In this instance tsetse fly alleviation has employed all the classical
means of control—direct reduction of numbers, sanitation by removing
favored kinds of brush species, and slaughter of wild game that act as a
reservoir for the trypanosome. Hundreds of thousands of head of big
game have been killed to satisfy this last requirement. Chemical means
are also effective. In one area in Nigeria where tsetse flies concentrate
during the dry season, treatment of forest islands with DDT at the rate
of 20 pounds per acre eradicated the fly from seven square miles, The
cost of this operation was officially listed as $2,000.

Perhaps all these methods seem justifiable in relation to their pur-
pose. The total price of tsetse fly control is known to be high, but the
intangible costs are incalculable. The value of the wildlife slaughtered
cannot be calculated. The total effects of massive chemical applications
over very large areas are not known. The biotic, recreational, and
aesthetic worth of nature is beyond all tangible assessment. Also be-
yond measure, we must conclude, is the value of human life.

Pest Control in Agriculture and Range Management

Crop losses from insects and other biological competitors are un-
questionably important. What value we may assign to their alleviation
is not always clear. But the extent of loss is now at least partly meas-
urable.

Only in the recent era of emphasis on productive efficiency and high
marketing standards have partial crop losses seemed so important. In
1891 Fletcher estimated annual crop losses to insects in the United
States to be 10 per cent of yield. For many years, 10 per cent loss was
accepted as a “rule of thumb” estimate on aggregate tax by insects.
The losses, of course, varied from crop to crop and year to year. Other
kinds of crop losses from pests were quite probably double the loss
from insects.

Decker (1954) suggests three major corrections that must now be
applied to Fletcher’s 10 per cent rule. The first correction is to the
10 per cent; at the time it was probably an underestimate. Secondly,
many of the most destructive insect pests were introduced from other
countries about 1891 and shortly thereafter; and, lastly, correcting for
the present, American market standards have been raised so that insect-
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damaged produce can no longer move in open commerce. These state-
ments imply a continuing change in the kinds of insects that cause
damage and in the nature of damage. They further imply that the
estimation of loss is strongly conditioned by the size of the fraction
of the total yield for which the ultimate consumer will pay. Neither
pests nor standards remain the same.

Losses to pests are usually based on “before-and-after” estimates, or,
less often, actual yield figures. Yield changes may be translated into
dollar gain or loss, and hence provide the only good measure of the
worth of a pest control procedure, Even at that, they do not represent
the only measures of worth that can be applied.

Convincing data on losses to pests are difficult to find (well il-
lustrated by Parker, 1942). The general estimate is the least reliable.
Loss from rodents in the United States, for example, is estimated at one
to two billion dollars annually. The loss to insects is adjudged con-
siderably larger, perhaps four billion dollars. The total estimate of the
cost of weeds has ranged to eleven billion dollars. Figures of this type
are largely meaningless, They may be offered to a legislature in support
of increased budgets, or to the public in a quest for sympathy. For a
given program estimates are rarely analyzed regarding how the figures
were obtained, how certain the benefits of crop protection are, or, for
that matter, what force alleviation might bring to bear on existing
production and distributing systems. And the figures have in addition
no real impact on an audience already aware that pests are pests and
cause a very great deal of trouble.

Specific estimates applying to particular crop types are more useful.
The best summary of these is contained in a publication of the Agri-
cultural Research Service (1954). In this summary the difficulties in
preparing estimates are illustrated repeatedly by direct statement or by
implication. The indecisiveness of loss figures brought together in this
report by the best qualified scientists and economists in government
led to the recommendation for further studies on the problem, A Na-
tional Research Council committee has since been appointed to study
the question, but no reports have been issued.

What is meant by loss must first be made clear. It is one thing to
recognize that losses occur, another to do something about them, and
still another to determine whether the alleviation of loss is necessarily
socially advantageous.

Losses in agriculture are of two types: one involving a commodity,
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the other involving the productive base on which commodity produc-
tion depends. Any reduction in quantity or deterioration in quality
during the production, handling, and processing of farm and forest
products is commodity loss. Deterioration in land on farms or forests is
a productive loss. Losses of either type are not always preventable.
Some are and will remain unpreventable, Some are presumably pre-
ventable, though not under the existing economic climate. Some are
preventable under current social and economic conditions. The last
category is the only important one.

Partial alleviation of loss is possible, but would not approach total
relief even if all pest control technology were put into use. Current
losses in many crops could be substantially reduced if present knowl-
edge were fully employed. Losses of cotton, for example, could be
reduced 75 per cent if “total” farming—use of resistant varieties, use
of mineral supplements, and the like—were practiced (Agr. Research
Serv., 1954). (In this time of acreage restrictions, production quotas,
and supported prices, would this be a wise thing to doP) Inertia, lack
of education, and economic factors preclude any such productive
efficiency. While examining specific loss figures, therefore, one must
constantly keep in mind that loss estimates are total but that alleviation
of loss is partial. And further, partial alleviation very rarely achieves
its full potential.

There are two general ways by which crop loss from diseases and
pests, and gains from attempts to alleviate loss, can be described. The
first method, older and more general, employs percentage change from
a presumably realizable total production in a single commodity. The
second also deals with single commodities but depends on productive
units, either change in yields per acre or their economic mirror, dollar
gains.

Two commodities—cotton and apples—are used here to illustrate
the applicability of the first method. Note that the emphasis is negative,
that little recognition is given to the extent to which total loss is cor-
rectible. Note also that only producer standards enter the accounting,

Cotton insects account for an annual loss estimated at one-fifth bil-
lion dollars (Agr. Research Serv., 1954). The boll weevil accounts for
about 10 per cent of the annual cotton crop loss. Of course, there are
regional and yearly variations; in some years the damage is very great.
To this loss must be added the cost of control, which itself varies
considerably. In 1952, a year of light damage, the cost of control for
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boll weevil alone was calculated at $75 million. All other cotton insects
cause damage about equal to that of the boll weevil—about 10 per
cent, or a dollar value of $106 million. Here, too, the cost of control
must be added.

In 1940-44, one of the best-known fruit pests, the codling moth,
caused an annual loss of 15 per cent of American apple crops, or about
$25 million (Haeussler, 1952). The cost of control was perhaps the
same. In 1944 to 1948 the annual loss was about 4 per cent, or about $9
million dollars. The marked reduction in loss was due almost entirely
to widespread use of DDT. (Insecticide resistance and rise in spider
mites as pests, because of DDT, might be charged against the DDT
gains, however. )

The second method is a better way of representing loss figures than
is total crop assessment. The National Agricultural Chemicals Associa-
tion has compiled data on the economic benefits of pesticides and
presented them in tabular form. Table 3 provides some selected exam-
ples to illustrate both yield and dollar gains.

TABLE 3

A few examples of yield gains and net dollar gains from pesticide use in common
crop species (from National Agricultural Chemicals Association, 1957)

Yield/acre Yield/acre Treat-

Crop untreated treated — ment Net
and unit Pest crop crop  cost/acre gain/acre Source
Barley Weeds 45.5 49.5 — $5 N. Dak. Ext.
{ bushel ) ( gross) Serv.
Seed cotton Bollworm 7203 7860 $18 126.50 Texas Agr. Expt.
(1b.) Sta.
Pea seed Fungi 456 610 710 21.25 Boyce-Thompson
(1b.) (seed Inst,
treat-
ment )
Tomatoes  Diseases 5.4 11.8 40 100.00 T. N. Jarrell Co.
(ton) (Md.)
Sugar beets Root 11.8 14.5 225 3220 N. Dak. Agr.
(ton) maggot Expt. Sta.

It is clear enough from these selected examples that both yield and
dollar gains can result from pesticide use. A certain caution must be
observed with such sets of figures. The means of arriving at such values
are not very refined and are often unreliable. Moreover, they tell only
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part of a story. Too frequently, they reflect an unrealistic “optimism”
not in keeping with their source.

We may next ask, what is the actual expenditure for pesticides to
achieve gains in yield? To answer this, I will depend on agriculture in
California, which is both intensive and chemicalized; a large part
(some 25 per cent) of all pesticides used in the United States are used
there. Probably the most reliable data on pesticide worth to agricul-
ture come from California. C. A. McCorkle, of the University of Cali-
fornia, recently (1959) prepared a summary illustrating the relative
importance of chemicals in producing California’s high-yield crops.
Table 4 describes relative cost inputs in certain selected crops in the
year 1957.

TABLE 4

The costs of pesticides in relation to total production cost in selected
California crops (from McCorkle, 1959)

Pest and Total cost ’

Crop disease control to harvest/acre e pesticide cost
Cotton $10 $175 57

Rice 4 T3 5.3 .
Alfalfa 5 85 5.8
Peaches 35 400 8.7
Pears 40 315 12.7
Tomatoes T 248 2.8

Both growers and advisers are convinced that these cost incre-
ments, ranging here from 3 to 13 per cent, are essential to the produc-
tion of high-quality, high-yield produce. In areas where farming is
less intense, many growers do not use pesticides at all. In the early
1950's in Iowa, for example, only 14 per cent of all growers used any
variety of pesticide on crops (and yet we think of Iowa as one of our
most productive states!).

One may wonder about the accuracy of specific loss figures. In 1953
the rice leaf miner outbreak was credited with ruining 10 to 20 per
cent of the California rice crop. Judged by my personal damage ap-
praisal at the time of the outbreak, this range was certainly correct
for many of the rice fields. Even at that time, however, by far the
greater part of the rice acreage was not hit at all. To the presumed
loss of yield must be added a cost of some $1.25 million for pesticides
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(and a very large wildlife loss). Curiously, however, rice yields that
year were among the highest on record to that date (Table 5). Equally
inexplicable was the reduced yield per acre and consequently reduced
total production that occurred with much greater acreages in 1954,
the year following the outbreak and treatment. The price of rice was
also substantially lower in the year following the outbreak. I conclude,
therefore, that growers extrapolated single-field losses to the total acre-
age, and that “insurance” spraying was the rule. Economically, insect
damage seems relatively much less important than other factors. One
may perhaps be permitted to wonder if perspective as well as accuracy
were not somehow awry in reporting of the “threat” to the rice crop.

TABLE 5

California rice production and value in some recent years. Data from annual

reports of the California Department of Agriculture,

Average yield

Acreage harvested Production per acre Value

(1000's acres ) (1000's bags) (100 1bs.) (price/bag)
1951 314 10,676 34 $4.95
1952 330 11,880 36 5.95
1953 412 12,257 30 2.38
1954 453 10,672 24 4.48
1956 286 12,012 42 4.44

In all the foregoing examples it is clear that losses to insects may
be economically significant; it is also clear that steps to correct loss are
at best only partly successful and on occasion are not convincingly
advantageous.

In bird and mammal control operations, not only must all these
qualifications be made but we must also add intangible elements.
Depending on the animal in question, these elements might be aesthe-
tic appeal, sympathy, fear, or repulsion. There is no species of com-
peting bird or mammal that does not have its defenders. Eradication
of a vertebrate species is never an accepted goal, and “control” is best
described as local reduction in numbers.

Bird depredations are particularly difficult to appraise accurately.
Some alleged depredations better rate as nuisance. Some allegations
of crop loss are naive; most overlook the value of birds as destroyers of
insects and weed seeds. Very rarely are serious attempts made at cost
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analysis. Calm attempts to analyze the proper worth of bird depreda-
tions are as rare among control personnel as are concessions among
bird-lovers that damage is possible. Analysis of this kind is difficult
at best, and is impossible without integration of biological and eco-
nomic information with aesthetic judgments.

The best recent attempt to my knowledge is the study of blackbird
depredations by Neff and Meanley (1957), both of whom approach
the analysis with knowledge of production problems, tempered with
the sensitivities of those who love wildlife. Throughout the United
States are many species of blackbird that congregate in large numbers,
either in nesting colonies or in fall and winter movements, Large flocks
are responsible for a variety of loss allegations—eating rice heads “in
the milk” in early season, shattering drying heads of milo maize im-
mediately prior to harvest, breaking down stems of cereal grains, and
so on, Neff and Meanley conclude that serious losses do occur to in-
dividual rice growers, even to the extent of one-half or more of the crop,
but that such losses are rare, The average farmer suffers little if at all.
Based on farmer estimates (which normally describe worst damage
as if it occurs in all fields ), these workers calculate that 1.28 bushels per
acre is the annual loss of rice to birds in Arkansas. In rough figures the
state’s loss is $0.5 to $1.5 million. Such estimates do not take into ac-
count estimates of the birds’ worth in insect control. Methods of re-
ducing numbers or of preventing access of birds are known and, if ap-
plied, would greatly reduce loss. Most growers do not consider the
problem serious enough to merit their consistent attention.

Because of the mobility of birds, damage caused by them is apt to
be spotty and unpredictable. Reasonable effort can prevent most
serious damage, even if birds do appear in numbers. However, there
is in Africa one species—Quelea quelea, the Sudan dioch—that dam-
ages crops on a staggering scale. So severe are its depredations that
entire crop development schemes have had to be abandoned though
the areas were otherwise suited. Plantations of cereal grains and sur-
face water availability through irrigation have stabilized the bird’s
movements while increasing its numbers. Heroic effort, through poi-
sons, explosives, and flame throwers, has been expended to reduce
its numbers, as yet with only local success. For example, in the Senegal
Valley 30 million birds and 46 million nests were destroyed in 1955
(Heseltine, 1960). Heseltine insists that Quelea is a far more serious
threat to agriculture than the locust, whose plagues in arid Africa are
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legendary. He suggests establishment of an international commission
to study and to develop methods of control, after the nature of the
Anti-Locust Commission, which has been in operation over thirty years,
No other bird can lay claim to such importance in agricultural dep-
redations.

Predatory, nuisance, or disease-carrying mammals have few de-
fenders. There is, accordingly, rather little general concern for their
protection, and equally little concern for proper estimation of their
worth. Rodent control is the main effort, and until recently has been
largely concerned with proper sanitation and disease prevention in
urban areas. Intensified crop production has in recent years focused
attention on competing rodents in field, forest, and rangeland. Next in
importance are carnivorous forms, such as coyotes and foxes, which
kill and harass livestock and poultry. Some of the smaller carnivores
have recently become important as disease carriers, notably of rabies,
Of lesser importance are the ungulates—deer, goats, and antelope—
which cause local plant damage or compete with livestock for forage.

The control of rodents and carnivores is incited further by a tradi-
tional attitude of fear and repulsion. Hence, locally at least, reduction
of numbers does not require justification to most people. Even so, the
rationale of control is often found wanting when closely examined. A
desire to preserve rodents and carnivores does not normally form the
core of objection to control operations; it is the fact that mammal con-
trol methods in the field are neither tidy nor specific. They depend on
trapping or poisoned baits, Both methods are nonselective, Desirable
species of mammals—furbearers, livestock, and pets—are too fre-
quently the unintended victims (Rudd and Genelly, 1956).

Game species—the ungulates and the large carnivores—are accorded
a more sympathetic tradition. A conflict in values is usual when these
species become pests or are identified as disease carriers. Although the
resolution of different attitudes toward them may be difficult, their con-
trol is not. Reduction in numbers is selective, depending chiefly on
guns. Repulsion, whose purpose is to prevent damage without reduc-
tion in population number, is sometimes practiced locally. It depends
chiefly on frightening devices (explosions, etc.), but in recent years
chemicals effective for this purpose (but expensive) have become avail-
able; With either approach the result is selective. Trapping or baiting,
used rarely, normally exploits peculiar habits of the target species so as
to render the technique as selective as possible.
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Close analysis of the costs and benefits of mammal control is rare,
In most instances the value received, although believed to be obvious,
is reckoned intuitively and subjectively. Less commonly, the value re-
ceived is clear enough to one faction but not accepted by others. I have
selected the following examples to illustrate why mammal control is
undertaken, These examples range from generally acceptable purposes
to those acceptable only to certain factions.

Commensal rats and mice, which produce filth, contaminate food-
stuffs, and carry disease, receive no defense. Enforced high standards
of sanitation would do away with them as a serious problem, Since
acceptable uniform standards of sanitation are not socially achievable,
urban rats and mice must be attacked with trapping and with poisoned
baits. No justification for this kind of control is needed. Reference
should be made to Zinnser’s Rats, Lice and History for a fascinating
account of man’s historical relationship with commensal rodents.

Only on croplands can one properly weigh economic value with-
out subjective complications. The living crop complex is purposefully
unstable; any mammal that removes or disturbs an economically sig-
nificant fraction of a crop is considered by the grower as a fair target
for control measures. With ever-increasing efficiency in farming, the
allowable size of this fraction continues to decline. Vole ( Microtus)
populations in irrigated pasture or on alfalfa hay fields will illustrate.
Normally, only one species of plant is present, and this monoculture
is carefully irrigated and cultivated to produce maximum yields of
vegetative parts. A vegetative feeder such as the vole, easily able to
dig in moist soil and sheltered with a dense plant cover, could not find
better conditions for survival and increase. It is not unusual to find
a “standing crop” of 100 to 150 mice per acre, Jameson (1958) showed
that captive meadow mice each ate an average of 9.8 grams of alfalfa
(dry weight) daily. In an acre of alfalfa 100 mice would consume
about 4 per cent of an annual production of 11 tons. Or, on an acre of
sheep pasture, 100 mice would consume 12 to 13 per cent as much
forage as 10 growing lambs. An ecologist would question whether the
accounting can be kept so simple, but a crop producer would not.
This is the best kind of data he has on which to make control decisions.
If he believes he can “save” perhaps one-half ton of forage worth 10 to
15 dollars, he will be ready to spend 2 to 4 dollars to do so. When
the population of mice exceeds 100 per acre, a field will clearly show
the increase in numbers by decreases in the size and density of forage
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plants. A decision to control is easily made under such circumstances.
On the other hand, densities below 50 mice per acre are by far the
more common. Static populations at no greater density are not worth
controlling.

The control of a predatory mammal requires a more complicated
rationale. The coyote is the chief target of present predatory-animal
control efforts. That losses to individual livestock growers from coyotes
are sometimes severe is beyond question. But this fact alone cannot be
considered the overriding element in the decision by public agencies
to initiate control campaigns. The issue of coyote control is clouded by
charge and countercharge, a good deal of poor biology, and the prob-
ability that current control programs administered by state and federal
agencies cannot be economically justified. This is the question: Is the
cost of the predatory-mammal control campaigns of the U.S. Fish
and Wildlife Service and cooperators justified by the losses sustained
by growers and ranchers? Practically, the question is not subject to
a single answer. We may choose to look upon predatory-animal control
expenditures simply as one of the first of the now-common federal
subsidies to agricultural producers. Some growers are probably helped;
most are not. The livestock and poultry industries are convinced that
the program is essential and maintain effective lobbies to pressure for
continuation of federally sponsored control operations. But only the
occasional grower who has sustained serious loss actually gains. Costs
of the program are met largely by taxes. In some areas cooperating
livestock grower associations assess themselves on a per head basis,
and state and county game funds are often diverted to support predator
control. Locally, public-health agencies may contribute to such in-
terests under the guise of vector control programs. These are the
sources of income. Money is spent chiefly in the western states, and
largely on public lands. The issue is strongly influenced by regional
legislatures, and the question of the use of public lands for widest
public benefit is normally avoided.

If the question of predatory-mammal control is to be argued solely
on economic grounds, one has the right to expect of control officials
that loss, cost, and gain will be properly studied, documented, and
presented to legislators. Yet agencies responsible for control have never
felt it necessary to do these things (see Chapter 16). Several competent
reviewers have attempted to do what the federal agencies should be
expected to do but have not yet done. The detailed accounts of Bond,
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Hall, and F. C. Craighead, from which I have taken the following
data, give the best cost-accounting available.

Bond (1939), for example, made a careful study of coyote food
habits at the Lava Beds National Monument. In one year only 12 sheep
(0.1 per cent of the population) were killed by coyotes (2 per sec-
tion). Largely responsible for the low sheep loss was the simple ex-
pedient of using road flares to keep the the coyotes at a distance from
the flocks at night. Control workers reported that the expenditure for
killing a single coyote was $1.40. Even at this conservative figure,
which is exceeded many times over in other parts of the state, the local
sheepmen could hardly justify killing on a strictly economic basis if
they had to pay for it themselves. The program is accepted because it is
done “free” by the government.

Hall (1946) has examined the reports of the Nevada State Rabies
Commission. During an 18%4-year period almost a million dollars
was expended to destroy 88,601 coyotes, 14,352 bobcats, 56 moun-
tain lions, 4959 badgers (first 5 years), and 4509 other furbearers (in-
cluding badgers). Over $104,000, realized on the sale of marketable
fur, was deducted from the total cost. Coyote control was the object of
the commission. This being so, the cost of each coyote averages £9.93,
and for all “predators,” $8.54. A rabies epizootic had initiated the
formation of the commission. The disease is, of course, terminal, and its
effect on the coyote population was profound. Within a short time the
commission had expediently changed its function from rabies suppres-
sion to the reduction of livestock depredations.

F. C. Craighead (1951) has provided the best general evaluation
of coyote predation I have seen. His account should be read to ap-
preciate the full range of the problem. There are still many unknowns
in the equation, but these conclusions can be made. Allegations that
coyotes seriously affect big-game populations border on nonsense. In
fact, coyotes serve important functions in scavenging and biological
sanitation. Carrion is regularly eaten, and “living” carrion (weakened
or diseased animals) is removed from the population to the advantage
of survivors, The critical question is whether coyote damage to live-
stock outweighs the service that coyotes perform in removing rodents
that compete for livestock forage, Both rodents and coyotes can do a
great deal of damage. Almost three million coyotes were taken in the
United States in the thirty-year period 1916-46. In subsequent years
the use of “coyote-getters” and poisoned bait stations has made it im-
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possible to count the “take,” but it is generally conceded that these
newer methods of control are more effective than prior methods. The
Predator and Rodent Control Division of the U.S. Fish and Wildlife
Service has had a budget between two and three million dollars an-
nually for many years. It is not possible with published information to
calculate precisely how much it has cost to control the perhaps six
million coyotes destroyed tc date. It is known, however, that rabbits
and rodents form by far the greater portion of the coyote’s diet. De-
creased predator control would reduce the need to conduct the costly
range rodent control campaigns initiated in the last few years. The
proper use of rangeland is actually the key to controlling predation
losses (Chapters 15 and 16). Balanced use ensures fewer rodents, lower
costs in both predator and rodent control, and better sustained livestock
grazing. To these tangible gains must be added the wildlife hazards
avoided by reduced control programs and the preservation in numbers
of a picturesque member of rangeland fauna.

Large-scale federally supported predatory-animal control began dur-
ing World War I. In 45 years the control agencies have not provided
a thorough, careful analysis of its costs and advantages. Such an analy-
sis does not seem to be requisite to continued federal support of the
program. Presnall (1949: p. 589), in a particularly forceful article,
described the attitudes that in my experience most characterize the
predatory-animal control advocate. A few quotations will illustrate,
Speaking of the western range:

Other esthetic values of wildlife, several of which are intangible, might
cause the assumption that game (esthetic value) is to livestock (economic
value) as 1 is to 10, However, since esthetic values are largely intangible, no
exact numerical comparison is possible. It can be said only that livestock
values outweigh wildlife values. This provides a yardstick for determining
policies of land management, of which predator and rodent control is one
phase. It is admittedly an imperfect yardstick. It does not consider the
possibilities of free tariff in relation to survival of domestic livestock produc-
tion; or the likelihood that synthetic fibers may largely supplant wool; or the
sociological and ethical implications of possible conversion of the West into
a vast national picnic ground where a few cattle and sheep might be
tolerated for their value in flavoring the yeast-brewed synthetic protein foods
of the future,

It is a practical, present-day yardstick. . ..

The “yardstick” sufters from some real and most tangible omissions,
some of which I have already described. I can do no better than to
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quote a portion of T. I. Storer's commentary at the conclusion of
Presnall’s paper (p. 591). “We have some good information on food
habits. We have a little information on the amount of economically
valuable material taken by rodents and predators. We scarcely have
any real evaluation in a quantitative or monetary sense of the damage
done, particularly by predators. Those facts are still to be obtained and
we cannot view this matter entirely in an objective manner simply
because we do not have such information at the present time.”

Storer made the foregoing statement in 1948. There is no need to
change it now.

When a mammal pest is also an important game species, the assess-
ment of need for its control is difficult to render and, when made, will
assuredly not be acceptable to all. Deer are the best-known pests in this
category. They enter orchards to eat new growth; they browse freely
in irrigated pasture and alfalfa; they eat rangeland forage that might
go into livestock; they interfere with reforestation projects; and they
frequently damage row crops such as beans when these are near deer
ranges. Occasionally, their depredations are serious. '

Fences and repellents are commonly depended upon to prevent ac-
cess to a vulnerable crop. So also are frightening devices—lights, ex-
ploding devices, and patrols. But most common is controlled killing.
Dependence is placed on hunter kill during regular season, but other
means can be used to reduce deer numbers locally.

Every management device recognizes the value of deer as game.
Acknowledgment of their liability came late, but that too is now widely
recognized. In New Zealand the liability seems to be much greater,
There are several species of deer, all of them introduced. Also intro-
duced are several other grazing and browsing mammals—opossums,
kangaroos, rabbits, hares, and, of course, sheep and goats. The econ-
omy of New Zealand is based on sheep, Therefore any serious competi-
tion for forage from deer or other undomesticated herbivores is a
matter for national concern., Graziers and deer-stalkers have argued
on this conflict for many years. More recently, the charge against deer
has become more serious. New Zealand is geologically young; the
topography is rugged, the soil thin. Rainfall is high, and so are erosion
rates. The rate of erosion has recently increased markedly. Forests are
changing in appearance, and watersheds seem to be losing their ability
to retain water. The changes are apparently profound. Foresters and
agriculturalists give deer a good share of the responsibility for these
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changes. Deer-stalkers and some ecologists challerge the assessment
and maintain that damage is overrated or the result of natural processes,
Damage by sheep is also rated in some sections, and should be ac-
knowledged for what it is, not charged to deer. The deer-stalkers fur-
ther maintain that where local abundance of deer produces problems,
numbers can be effectively reduced by hunting.

Graziers, of course, are profoundly influential, Without serious study,
therefore, it was a simple matter to arrange for large-scale deer “erad-
ication” programs, The ultimate technique used was aerial dissemina-
tion of 1080-treated carrot baits. Compound 1080 is distinguished by
its high toxicity and stability, thereby making secondary poisoning a
likelihood. Not surprisingly, both deer-stalkers and lovers of the native
fauna became alarmed.

The controversy seems distinguished by an absence of convincing
data. Nonetheless, it had become so important that in 1958 a national
meeting was called for its resolution (New Zealand Forest Serv.,
1958). The meeting was attended by several ministers of departments
and members of parliament. Agreement was not forthcoming,. Possibly
it is accurate to say only that the position of the foresters and graziers
was politically solidified. The control program not only has continued
but has intensified. There are no reports available describing the effects
of herd reduction on forest or watershed, the impact of deer removal
on other herbivores, or the effect of poisoning on the native fauna.

Pest Control in Forestry

Much of what has been said of agriculture applies to forestry. But
there are some important qualifications to make. The forester is not
faced with an annual crop. Trees take many years to mature, and the
value of the annual increment of growth is lower than in most agricul-
tural crops. Protective measures must be correspondingly lower in cost.
Trees are able to withstand more insect-caused damage than crop
plants. Moreover, forests are more complex ecologically than crop-
lands. Foresters and entomologists therefore prefer to exploit natural
controls where possible.

Serious losses do occur in American forests. The chief sources of
damage are fire, disease, weather, insects, and mammals, Damage is
not always preventable or controllable. Irrespective of cause, losses
derive from mortality of trees, increase in culling rate, and reduced
growth rate. Insects and disease account for large losses in all these
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categories, but the amounts and significance of loss are difficult to
estimate. The U.S. Forest Service (1958) estimates insect-caused
mortality losses of saw timber to be 5 billion board-feet annually.
Mortality loss from disease was estimated at less than half that amount,
2.3 billion board feet. Growth losses caused by disease and insects
were believed to be far larger than mortality losses. Diseases were
responsible for an estimated annual growth loss of 17.6 billion board
feet, whereas insects were adjudged to cause only 3.6 billion board feet
of growth loss.

Direct disease control depends on silvicultural practices—eliminat-
ing carrier plants and adjusting age structure, for example. There are
no new and revolutionary weapons in disease control such as one wit-
nesses in insect control. Yet almost $4 million was spent on disease
control in the United States in 1952, most of which went to efforts
at control of a single disease, white pine blister rust. In the same year
direct forest-insect control expenditures by state, private, and federal
agencies totaled $3.6 million. Gypsy moth control was nearly half the
cost, with the Engelmann spruce beetle and the spruce budworm ac-
counting for most of the remainder. :

TABLE 6

Estimated timber losses caused by six major outbreaks of forest insects in the
United States (from U.S. Forest Service, 1958)

Approx. volumes of

killed timber trees
Cause States Date ( millions of bd. ft.) ®
Spruce budworm New England 1910-19 8,000
Spruce budworm Lake States 1913-26 5,800
Mountain pine beetle Idaho-Montana  1911-35 15,000
Western pine beetle Oregon 1921-37 12,600
Western pine beetle California 1931-37 6,000
Engelmann spruce beetle Colorado 1940-51 5,000

® Only 2 per cent of the total killed saw-timber volume was reported as salvaged.

Severe insect outbreaks produce losses of great dimensions. Very
frequently, they are associated with natural catastrophes—fire and
wind. The Forest Service identifies six major insect outbreaks in the
continental United States from 1900 to 1952. These are listed in Table
6, with the estimated amounts of saw-timber lost.




Loss, Cost, and Gain | 59

The spruce budworm, the Engelmann spruce beetle, and the intro-
duced gypsy moth are currently causing great concern and are being
heavily treated.

In carefully managed forests—more particularly, monocultures—
growth increment has become an important economic consideration.
Traditionally, and still the case in northern mountainous forests, sever-
ity of damage of insect and disease depredations has been gauged
by mortality of saw timber. This method of assessing severity of dep-
redations applies particularly to the forests in which the spruce bud-
worm periodically explodes. The budworm outbreak in Maine, Ontario,
and Quebec reached severe proportions in the middle 1930’s, and has
continued to spread, By 1944 the infestation covered 125 million acres
in Quebec and Ontario. Mortality ranged up to 70 per cent in some
areas, The area of irruption has since widened, although local popula-
tions fluctuate without correlation with others in the species range.
(New Brunswick experienced heavy densities in the early 1950’s.)
DDT has been applied (sometimes repeatedly) over many millions
of acres in efforts to limit the density of the budworm populations.

An important observation underlies all the foregoing examples. The
greatest damage in forests comes from native (not introduced ) insects,
Instability in the numbers of forest pests, unlike agricultural pests, is
the result of imbalances in natural factors. Also unlike damage in agri-
culture, forest damage is an occasional, not an annual, event. A rise in
numbers of certain species is frequently predictable on croplands.
Prediction is rarely possible in forestry. A search for the factors to
permit prediction is the chief concern of the forest entomologist.

While the chief causes of loss in forestry are normally the native
insects, in recent years intensified reforestation has been slowed some-
what by the depredations of vertebrate animals. Reforestation may
depend on natural seeding or sprouting, on the sowing of seed, or on
the planting of seedling trees. Natural regeneration has in some areas
been prevented by mice, whose numbers increase greatly as the forest
is “opened up.” Normally, however, the failure of a tree species to
re-establish itself by natural means should be taken as a sign of poor
adaptability. Sowing of seed or planting of seedlings cannot be re-
garded as natural. These practices introduce a convenient food supply
into an environment already well stocked with mice and deer. It is
hardly surprising that such restoration efforts commonly fail. Barriers
to access to seedlings, such as wire cones or chemical repellents on
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seeds, can keep down damage, but successful growth can be assured
only by reducing the numbers of the offending animal. Locally, the
losses of seeds and seedlings due to vertebrates can be serious. The
solution is also local in scope. It requires sustained effort. There is as
yet no easy method of ensuring against such losses.

Pest Control in Special Situations

The use of chemicals in limited but sharply defined situations is
rapidly expanding. Chief among these uses is weed control. Control
of herbaceous or shrubby vegetation along highway or utilities rights-
of-way has become a multimillion-dollar enterprise (Egler, n.d.; Nier-
ing, 1958). The announced purposes are safety, “cleanliness,” and con-
venience of maintenance. Without question the use on rights-of-way
will expand. So also will use in those situations wherein safety is a more
genuine concern—railroad yards, tank farms, refineries, and industrial
plants.

Aquatic weed control is now widely practiced, and will assuredly
expand. This expansion will come from sharply increasing recreational
demands on impounded waters and from irrigation and other surface
distribution of channeled water (George, 1960b).

Control of undesirable fish populations with chemicals is already
a well-established practice. But it has sharply expanded in the last
decade and will expand more as fisheries management intensifies.

The Production and Distribution of Pesticides

Few critics of pesticide use realize how vast and complicated is
the industry that serves the pest control interests I have described.
In this section, with the aid of a few production and use indicators,
I wish to show how great the demands for chemicals have been and
how these demands are apt to increase (see Gunther and Jeppson,
1960, for a point of view oriented toward the grower and industry).

In 1939, the industry showed about $40 million worth of sales.
Twenty years later the figure was about $300 million. In 1975 the
figure will have climbed to $1 billion (Fischer, 1956). Insecticides
take the larger share of any figure, but whole new classes of chemical
herbicides, defoliants, miticides, and others have altered the tradi-
tional components of pesticide value. These changes are largely due
to altered farm technologies, differences in cropping systems, and cor-
porate farm ownership. Wider acceptance of pesticides has been aided
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by public advertising—billboard, television, and newspaper. Selling to
both agricultural consumers and the general public has in recent years
become “big business,” and has followed the advertising practices
common to most commodity promotion.

DDT is the most widely used pesticide. It may be accurate to say
that no other synthetic chemical has had such an impact on the world’s
population, Only a few thousand pounds were available in 1944, and
this amount was an Allied military monopoly. Now DDT is produced
in many countries, even in some with limited industrial capacities. The
total amount produced annually must certainly approach one-quarter
billion pounds. In the United States alone production of DDT in 1958
was over 145 million pounds. Ten years before, production of DDT
was only slightly over 20 million pounds. About half of U.S. production
is used in this country, the remainder going largely to Latin America,
mainly Mexico. A few other countries also export large quantities of
DDT. The bulk of this export comes from the United Kingdom, West
Germany, and Switzerland. In general, exporting countries are also
large users.

TABLE 7

Domestic consumption of DDT in 1952 { Arring-
ton, 1956}

Country Amount { metric tons)
France 1,500
Indonesia about 1,25
Italy under 850
Japan about 2,000
Peru about 140
United Kingdom under 2,000
United States about 23,000
Western Germany about 3,000

Table 7 shows approximate domestic consumption of DDT in sev-
eral countries in the peak year of 1952 ( Arrington, 1956). The amounts
largely reflect agricultural demand, but in two or three cases anti-
malarial campaigns are “hidden” in the totals. Household demands are
rarely as much as 10 per cent in any country.

The basic sales price of DDT is about 50 cents per pound. In very
large quantities its price might dip below 30 cents. The importance of
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DDT to producers, in both volume and price, is clear. Most other
synthetic chemicals are more costly; some are much more so. No
pesticide is at the same time so cheaply produced and so widely used
as DDT.

Most common pesticides were not marketed as few as 15 years ago.
Table 8 compares the volumes of production of several of the com-
monest agricultural chemicals (Commodity Stabilization Serv., 1960).
A table such as this can tell a good deal. For example, the produc-
tion of lead arsenate—"“the DDT of the inorganic pesticides"—declined
sharply following wide-scale acceptance of DDT. However, produc-
tion stabilized at a lower plateau, and it still merits being rated as a
common insecticide. Once found widely useful, a chemical normally
continues in some demand even though substitutes appear.

TABLE 8

Volumes of some common pesticides produced in the United States
in selected years (from Commodity Stabilization Service, 1960)

Volume of production

{ 1000’s of 1bs. ) 3
Pesticide 1948 1953 1958

DDT 20,240 84,366 145,328
Parathion 2,999 5,439
Lead arsenate 23,000 14,196 14,938
2,4-D (all forms) 54 871 55,846
Combined—aldrin, toxaphene,

dieldrin, endrin, chlordane,

and heptachlor 29,000 98,280
Benzene hexachloride 18,400 57,363 30,797
Ziram 1,152 1,178

Note: Blank spaces indicate that no information was available or that the com-
pound was not then marketed.

For comparative purposes one may say that blank spaces in the
1948 column mean that no significant amounts of any of these chem-
icals were available, The dramatic increase in production in the fol-
lowing five years illustrates the great change in the range of marketed
offerings in agricultural chemicals. Similar patterns seem now to be
occurring with other newly marketed chemicals, The great increases
in the “combined” group of chlorinated hydrocarbons indicate a greater
demand for toxic chemicals with a long residual action. The counter-
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ing demand for a predictably short residual life leads to sharply in-
creased consumption of organophosphorus insecticides, here illustrated
by the most widely known member, parathion, The explosive increase
in growth-regulating herbicides, exemplified in 2,4-D, drew attention to
all aspects of growth manipulation. A few of the more refined usages
are selective weed control, induced early flowering, and induced final
fruit ripening.

Production figures are the best available indicators of the expanded
use of pesticides. The few given in Table 8 clearly show a sharply
widening demand in the postwar period. Projections from these figures
show no declines in demand. Rather it seems probable that the rate
of use will increase more rapidly as a rising world population places
greater emphasis on high crop yields and as large-scale disease control
and vector control campaigns touch more countries.

Area figures are less accurate than production figures as indicators
of widening pesticide use because they do not tell what chemical is
applied or how many times chemical treatment is repeated on the same
acreage. Whereas cereal grains may be treated only once or not at all,
orchard crops are sometimes treated a dozen times or more in a season.
Cotton frequently requires weekly treatment. In fact, cotton probably
requires more chemical attention than any other cropl But there is no
“average”; hence, total acreage means very little. As a rule of thumb,
chemically treated acreage in the United States approximately equals
the acreage of intensively used farmland (about 400 million acres).
Most crops now require some form of chemical treatment. To this
figure must be added the acreages treated for forest and range insects,
vector control, and nuisance abatement, These pesticide uses vary
with apparent necessity. Although use for such purposes is unpredict-
able and opportunistic, it is also true that public control programs
are now more widely accepted. Accordingly, there has been an increas-
ing acreage treated for these varied purposes.

Aerial application of pesticides has particular interest here. The
number of acres treated with pesticides by air is a reliable figure be-
cause the regulatory agencies control not only pesticides but aircraft.
With the exception of intensively treated crops such as cotton and
tomatoes, most applications are not repeated. Hence, treatment figures
with appropriate qualifications give a generally accurate picture of
single-application coverage.

Aircraft application as a method of pesticide application has grown
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dramatically. Moreover, many of the “opportunistic” uses alluded to
above (particularly over range and forest) can be accomplished only
with aircraft. The figures that follow give good relative data on the
numbers of acres treated by air and the differential increase in aircraft
as a method of applying pesticides.

In 1952, over 37 million acres were treated aerially in the United
States. In 1957, the acreage covered had increased to over 61 million,
and the dry and liquid pesticidal materials dispensed during that year
were respectively 655 million pounds and 95 million gallons (Federal
Aviation Agency, 1960).

California and Texas lead the states in the use of agricultural air-
craft, California ranking first. Between one-quarter and one-third of all
air usage by pest control operators in the United States is in California.
Moreover, records of use are more accurate there and have been kept
longer than in most states. In Table 9 is the approximate acreage
treated with chemicals of any kind by air in California in the years
indicated.

TABLE 9 .

Approximate acreage treated with chemi-
cals by air in California, 1946-58. Data
taken from Annual Reports, Bureau of Chem-
istry, California Department of Agriculture.

Year Number of treated acres
15946 35,000
1951 3,000,000
1956 5,600,000
1957 3,320,000
1958 5,308,000

Of the total acreage treated by commercial pest control operators
in California in 1957, about 81 per cent was treated by air, Spraying
with liquids was 56 per cent of the total; dusting was 25 per cent. The
individual grower normally handles his own ground spraying and dust-
ing, but the commercial operator has been acquiring more of this trade.

The acreage chemically treated by aircraft in California has sta-
bilized at a high figure, about 10 per cent of all acreage covered in
the United States. Great expansion in use is not likely in California,
but is probable in most other crop-growing areas. Greater emphasis is
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also to be expected in the coverage of noncroplands (range and forest)
as new uses of aircraft in pest control are initiated. The aerial distribu-
tion in 1960 of 1080-treated rodent baits over 100,000 acres of Cali-
fornia’s forests illustrates such a new use,

So-called “mass” treatments of this kind will increase—and be par-
alleled by increases in environmental hazards. Treatment by aircraft
is more economical than comparable treatment from the ground, but
the “price” must fairly include a decreased ability to confine chemicals
to target species or areas. Much research effort must now be expended
to learn ways of countering this trend toward indiscriminate methods
of application.

A Commentary on Probable Directions

This chapter was developed to give a glimpse of the different kinds
and justifications of pest control. It is directed toward those outside
of the producing or managing fields who have little awareness of the
reality of pest control problems or of the volume of pesticides used in
attempts to resolve them. I have found it difficult to present these data
under single themes. How, for example, do we reconcile the paradox
of our alarm at the loss of deer from 1080-treated rodent bait in Califor-
nia with the New Zealand government’s deer “eradication” program
using the harshest kind of baiting procedures? Many apparent con-
tradictions render pointless any single justification for given pest con-
trol procedures. Conflicts of this kind are found throughout this text.

Complete agreement is not possible on what constitutes a pest or
what procedures best suit its control. Hence, total judgments are nor-
mally not attempted if more than a single, easily understood rationale
is at the base. Hazards to life, economic gain, nuisance abatement,
recreational use, tradition, and aesthetic values must all be considered,
but when one factor appears to counter strongly any other, total agree-
ment becomes impossible. Limited justifications have become the rule;
this is perhaps the general conclusion one may draw.

There is now no phase of pest control that is not influenced by public
agencies. Presumably, the concept of general advantage is accepted as
the basis for official decisions, but too many public officials appear not
to apply the test of general advantage to the judgments that face them.
No other assumption explains the massive mistakes that have been
made in the name of responsible pest control.

In prospect for the future are greater conflicts of interest and
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mounting failure to agree. This is true because pest control operations
are becoming both more intensive and more extensive. Many of the
operational techniques in use now or probable in the near future are
neither precise nor totally controllable. Increasingly significant bio-
logical effects will accompany widened pesticide use. It is not at all

clear that many pest control officials fully appreciate the changes now
taking place.




5 - THE BASIS OF PESTICIDE LEGISLATION

Wth few exceptions, limits, whether biological or legislative, to
the use of pesticide chemicals are not based solely on chemical hazards.
Such a judgment is partial, and is in any event a terminal considera-
tion. Good pest control does not and should not begin with a toxic
chemical and work backward to the pest. In practice, borne out by the
history of pest control procedures, nonchemical factors are far more
important than chemical in preventing or alleviating damage caused
by animal or plant pests. Current focus on a few major problems of
pesticidal use and attempts to correct apparent injustices through legis-
lation are only symptomatic treatments and do not alter the far more
serious underlying difficulties, such as the social, economic, and bio-
logical limitations. Pesticide legislation can be directed, restricted if
need be, more easily than other limitations on pesticide use. Redefini-
tion with broader perspective is an urgent need in pesticide legislation.

67
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The Protection of Person and Property

Hazards to the health of man, his crops, and his domestic animals
are fundamental considerations in pest control. There are three basic
divisions into which such hazards can be divided—physical injury,
disease, and food contamination.

The likelihood of direct injury from predatory animals is now small.
Possibly it was never great, but the fear of direct injury formed the
first basis for bounty laws, which have been in operation since colonial
times. These laws were very early extended to protect livestock and
game, and this concern has continued to the present. There have been
many hundreds of bounty arrangements, most of them arising from
and administered by county or state governments. In essence these laws
and ordinances, through cash payments, encouraged individuals to
reduce the numbers of a predator species. Shooting and trapping were
favored means of capture, but poisoned baits were occasionally used
with some success. Most attention has been directed against mountain
lions and various members of the dog family—wolves, coyotes, and
foxes. Bounty laws directed against these animals are still in force in
many states. In later years, coverage expanded to include lesser mam-
malian predators and some birds. Eagles and magpies are examples.
These later extensions were concerned chiefly with game protection.
Many thousands of animals are annually submitted for bountying. The
search for animals is frequently profitable. A ten- or twelve-dollar
payment for each coyote killed, for example, can support an industrious
hunter in some plains and mountain states. One man of my acquaint-
ance makes several thousand dollars a year by coyote hunting from an
airplane.

Bounties are predicated on the belief that they succeed in lowering
the numbers of offending species. Repeated studies have shown that
this is not true (Allen, 1954), and, at least where applied for game pro-
tection, the bounty system is slowly being discarded. In sheep-raising
areas the system will no doubt continue, ineffective and abused as it is
commonly believed to be.

Predator control by the federal government began in earnest in
1906, at the request of western livestock growers, and parallels the
assumption of greater federal responsibility for the management of
public lands, particularly in the western states, where national forests
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are so important for summer grazing. Often an additional justification
has been game protection, and less often, and locally, the elimination
of diseases transmissible to livestock.

Responsibility currently rests in the Predator and Rodent Control
Division of the Bureau of Sport Fisheries and Wildlife. Many state
and county governments have similar programs. The administration
is normally in an agricultural department, although funds or direction
may also come from a conservation or public-health department. The
favored intention at this time is area-wide reductional control, using
poisoned baits. There is no question that the system is effective. Faults
in the system are discussed elsewhere in this book (see Chapter 16).

Control of field rodents is now assumed by the same agencies re-
sponsible for predator removal. Injury to man or animals is, of course,
not the justification, although on occasion disease transmission is an
important rationale. Damage to agricultural crops or to regenerating
forests is the major reason advanced for large-scale campaigns. As in
predator control, poisoned baits are used, but a good deal of individual
responsibility remains, particularly at local levels. Control officials func-
tion largely as advisers on methods and as suppliers of poisoned baits.
In recent years emphasis on forest regeneration has resulted in large-
scale rodent control efforts on public lands. The ease of distribution by
aircraft makes such effort feasible. Large-scale efforts will doubtless re-
main under governmental jurisdiction, even though private lands may
be under treatment. The hazards inherent in the baiting of mammals
dictate close supervision and control.

Vector control programs are second only to crop-insect control pro-
grams in their variety and scope. The concern lies almost totally with
the animal carriers of disease or parasitic organisms. The control of
nuisance organisms such as sand flies and gnats is often assumed by the
same agencies responsible for disease control. Reduction in numbers of
the carrier species is the goal. In a few instances total elimination of
a vector has been possible. Vector control specialists are distinguished
by their intense efforts to learn a good deal about the biology of target
species. It is an axiom in vector control that full knowledge of life
cycles will identify the points at which control operations will be most
successful. Strong emphasis on habitat manipulation (e.g., ditching of
swamps to create flowing water) sets apart this kind of control opera-
tion from most others. Recently, the success of broadcast insecticides
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has dulled the traditional incisiveness of the vector control operator,
but he, more than other control specialists, practices his biological trade
with awareness of the ramifications of his operations.

The vector control specialist is supported by majority interest, re-
flected in enabling legislation from the level of city health officials to
the World Health Organization. The U.S. Department of Health, Edu-
cation, and Welfare and the equivalent organization in each state have
broad powers to act in the public interest on matters of health. Rarely
are their purposes challenged; doubts concerning their methods are
less rare and in fact are becoming more common with the wide use of
insecticides. In this country, the major problem is unintentional loss
of domestic animals or wildlife or adverse alteration of the habitat of
desirable animals.

The hazards that a control program may be permitted to create are
proportional to public need. In many parts of the United States disease
vectors are under as much control as the social structure will permit;
only nuisance problems remain to be corrected. In large areas of the
earth, however, heroic measures are called for, and used. Nuisances do
not compare with the debility and death caused by malaria or bilharzia.
The alleviation or correction of a disease or parasite infestation may de-
mand strong measures whose side-effects would not by themselves be
tolerated in less-affected countries. In short, vector control measures
are strongly conditioned by the attitudes and needs of local human
populations. They cannot be judged uniformly throughout the world,
as is the tendency in crop-insect control, for example.

I have been discussing thus far in this section the removal of offend-
ing species presumed to cause direct injury to person or property. I
have implied that there may be some unfortunate effects from attempts
to control pests or disease vectors. Legislation aimed at limiting these
undesirable side-effects is as varied as the effects. There is no single
theme to contain them. However, there is one kind of by-product that
has drawn special attention—the effects of the control agents on human
health itself.

Chemicals, particularly insecticides, are now used in a manner that
does not exclude small amounts of them or their degradation products
in foodstuffs. In special instances, carelessness in application or de-
liberate violation of recommendations results in hazardous amounts
of pesticides in human or animal foods. Federal responsibility for the
purity of foods rests with the Food and Drug Administration (1958).
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Until this century, “purity” of foods was determined by basic sanita-
tion and quality deterioration. Substances used in producing or stor-
ing a commodity were either short-lived or restricted to a few products.
General contamination has been the rule for only the last decade or
two.

The need to restrict residual amounts of pesticides in foods to safe
levels has been recognized for a long time. England initiated legal safe
levels in 1900. California enacted legislation over forty years ago re-
stricting the levels of arsenical insecticides in foods. Presently, the pat-
tern of “setting a tolerance,” a maximum permissible contamination
level, stems from the Federal Food, Drug, and Cosmetic Act of 1938.
The act prohibits unnecessary additions of poisons, but, where addi-
tions are necessary, it authorizes the establishment of tolerable and
presumably harmless levels. It remained for the discoveries of World
War II and the subsequent surge in chemical pest control to give
significance to the legislation.

Immediately following the war it became clear to those involved in
pesticide use that the change in kinds of chemicals and, more par-
ticularly, the extent of contamination would require new kinds of in-
formation. Scientists, advisers, and administrators in industry and gov-
ermment set out to define what the information was to be. The fact
of contamination and concern for its effect shortly reached the general
public, and in 1950 technical knowledge joined public concern in bring-
ing about an important congressional investigation. The House Select
Committee to investigate chemicals in foods was chaired by Congress-
man Delaney, and the resulting three volumes, containing many testi-
monials and much new data, are unofficially termed the Delaney re-
ports (1951 and 1952). These reports formed the basis of the Pesticide
Amendment to the Federal Food, Drug, and Cosmetic Act, enacted in
1954. This amendment is informally identified with Congressman
Miller, a member of the original Select Committee. The “Miller Bill,”
in effect, defined orderly procedures for setting tolerances and pro-
vided penalties for violations. The bill was put into effect in 1955, but
new tolerances are still being set and revisions of old tolerances still
appear. The Food Additives Amendment of 1958 was a second deriv-
ative of the Delaney Committee’s investigations.

The Miller Bill applies only to foodstufts in interstate commerce.
Most states now have similar legislation, closely paralleling national
laws, to control excessive residues. California, for example, has a “spray
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residues” law that regulates not only tolerances but also licensing and
chemical applications. The many phases of pesticide uses are admin-
istratively more closely linked at the state level than at the federal level.

Canadian residue legislation strongly parallels our own. Latin-
American governments have only recently begun to standardize their
residues laws, which are not yet effective, The World Health Organ-
ization has drafted a pesticides code for the benefit of its member
nations and is strongly urging the adoption of uniform legislation
throughout the world. In Europe, England and West Germany cur-
rently maintain the strictest residues legislation.

Governmental specialists have not been able to provide all informa-
tion necessary for proper administration of pesticide laws. Indeed, in
the last decade some responsibilities and reference sources have shifted
away from government. Present laws place the burden of proof of
pesticide safety on the sponsor of the chemical. Provision of toxico-
logical and performance data has become a major task, performed
largely by research specialists in private and university laboratories
and by the agricultural experiment stations. The “expert” has become
an essential part of the regulatory process.

The National Research Council has become the coordinating body
for bringing together the most competent experts to evaluate technical
data and to make recommendations in the public interest. Necessarily,
the chief preoccupations of the council’s committees are controversial
or otherwise difficult questions. The body of experts most pertinent
to our immediate subject is the Food Protection Committee of the
Food and Nutrition Board. Subcommittees provide further refinement
of expert coverage. Several reports have been prepared, but one is
most germane. This is Safe Use of Pesticides in Food Production
(Natl. Research Council, 1956). It provides an excellent account of
testing and analytical methods and subsequent registration procedures.
The report has been widely circulated among the food producing,
processing, and distributing industries,

States too call upon experts in decision-making. It has become
regular practice for administrators and legislators to call upon expert
testimony to assist in judicious formulation and administration of law.
An example is the Interim Committee on Agriculture of the California
Assembly (Geddes, 1961). Appearance before such committees is
routine among specialists, and, without question, is an essential part of
technological legislation.
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Less routine is the reaction of a state’s lawmakers to problems incit-
ing particular controversy. Two “Governor’s Committees”—one in Wis-
consin (Elvehjem, 1960), the other in California (Mrak, 1960)—re-
sulted from public concern for mounting pesticide problems. The
Wisconsin report is organized to include the total impact of pesticide
uses. The California committee was more narrowly charged—to in-
vestigate the likelihood of hazard from pesticide residues in foods—
but in fact its report includes summary statements and recommenda-
tions that go beyond this limited purpose. Public response to the
occurrence of several widely publicized fish-kills (see, for example,
San Francisco Examiner, August 1, 1963) prompted Governor Edmund
Brown to establish a permanent committee on pest control methods
and pesticidal effects. The committee, under the direction of the State
Administrator of Natural Resources, is not only permanent, but has
the widest representation and broadest definition of purpose of any
group yet formed to study environmental pollution.

Countermeasures to Dispersal

The normal movements of plant stocks or commodities in commerce,
of people in business or pleasure, of traffic in ships or airplanes, and
the reduction of natural barriers through altered land use make it
inevitable that pest species will be transferred from one area to an-
other. To these transporting “services” must be added the “natural”
dispersing powers of organisms, which further increase the likelihood
that any area will acquire new pest species. Compound these causes
with the disruptions of global war and the agricultural “colonization”
of new areas throughout the world, and it becomes evident why new
pests appear and establish themselves.

The early colonists in North America were notably free of pestilence.
Contact with only native species was short-lived, however. The Hessian
fly entered this country in the bedding straw of Hessian mercenaries
during the Revolution. The human commensals—lice, fleas, and bed-
bugs—were imported no one can say quite when. It was not, however,
until the latter half of the nineteenth century, following the Civil War
and the development of export markets, that alien insects began to
appear in numbers. Almost a hundred species of subsequently im-
portant insects were introduced into the United States during this
period. A few familiar examples are the Argentine ant, horn fly, boll
weevil, European red mite, gypsy moth, and San Jose scale.
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Near-catastrophe in California citrus orchards because of San Jose
scale gave rise in 1881 to the first quarantine law in America (Camp,
1956). In 1889 the Massachusetts legislature made the first appropria-
tion for the control and eradication of an immigrant pest—the gypsy
moth. Neither quarantine action was by itself effective. San Jose scale
was controlled in a short time by a biological control agent; the gypsy
moth at this time occupies several states and at best can be considered
only “contained.”

Quarantine means exclusion. It may be applied to prevent both
initial or recurring ingress. Following establishment of an introduced
species, it may take the form either of containment—to prevent further
spread—or of eradication—total elimination of the species. The three
phases are not equally successtul. Under current conditions we might
say that exclusion is effective in 90 per cent of incipient establishments;
containment, in perhaps ten per cent of cases after successful establish-
ment; and eradication, in perhaps one per cent or less.

The first federal law to deal with quarantine action was the Insect
Pest Act of 1905. It prohibited importation or movement of insect
species known to be hazardous to crop plants. The act is particularly
meaningful but also difficult to enforce in this era of aircraft travel.
However, the Insect Pest Act was relatively limited in scope. The Plant
Quarantine Act of 1912 provided the Secretary of Agriculture with
broad powers to enforce such regulations as he deemed necessary to
protect the agricultural economy from foreign importations of insects
and disease organisms. Important points within these broad powers are
inspection at points of entry, inspection without warrant while in
transit, strong penalties for violations, and seizure and destruction.
The act has since been amended several times. Related acts deal chiefly
with inspection procedures at international borders and the prevention
of export of organisms potentially damaging to the agriculture of other
countries. Since 1936, postal laws have been especially effective in
supplementing quarantine laws (Stefferud, 1952).

Inspection procedures are remarkably successful considering the
great amount of commercial traffic. Some 3000 species of insects have
been found in aircraft. Interceptions of improper plant materials in-
creased from 137,000 to 291,000 in the decade 1948-57. Since establish-
ment of the Plant Quarantine Act, about thirty economically important
species of insects have become established, and of these probably not
over four or five can be credited to the last fifteen years.
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Once an establishment is discovered, the decision must be made
whether to contain or to eradicate. Ordinarily, public hearings are
held to discover the likelihood of spread and damage, and an assess-
ment of probable hazard is followed by a quarantine order. Since
initial establishment is apt to be within single states or regions, the
federal control operation must necessarily rely heavily on state action.
Most states have legislation enabling the same inspection, seizure, and
control operations exercised by federal officers. In the last decade,
through the cooperation of state and federal departments of agricul-
ture, joint ventures have been greatly facilitated (Popham and Hall,
1958). It is now no longer accurate to speak meaningfully of separate re-
sponsibilities of state and federal quarantine agencies. They are tied
by cost-sharing interlocking operations and, most important although
largely implied, by an awareness that one cannot function adequately
without the other. These close ties are well illustrated in the recent
containment operations against the gypsy moth in the Middle Atlantic
states and in the Japanese beetle and Dutch elm disease control cam-
paigns in the North Central states. They existed also in the only suc-
cessful eradication attempts of the last two decades—Hall scale in
California, Khapra beetle in California and the Southwest, Mediter-
ranean fruit fly in Florida, and screw-worm in the Southeast. The co-
operation initially displayed in the attempted eradication of the im-
ported fire ant in the South may be benevolently described as over-
enthusiastic.

A few states independently maintain rigid inspection procedures.
California is the most stringent; in some instances strict quarantine is
maintained on county levels (Lemmon, 1957). Every auto traveler
entering the state is stopped at border entry points and questioned
about the plant material he is carrying. Freight and postal shipments
of seeds and nursery stocks must often be routed through county
agricultural commissioners for certification.

Natural dispersal and changes in land use, combined with the com-
plications of human travel and commerce, dictate against national
quarantine and control measures at international land borders. In
general, there are two methods by which international measures are
effected. One is an area-wide or regional approach, consisting normally
of contiguous national governments combating a common pest species.
The Anti-Locust Commission, comprising both European and North
African nations, is such an organization. Bolivia, Argentina, Brazil, and
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Chile have a comparable organization. Tsetse fly control is organized
in a similar way in Central Africa. The second method may take the
form of exclusion rather than control, as with the citrus blackfly. This
insect has thus far not gained entry into the United States, although
it is common in Mexico. The closest kind of alliance between the two
governments has been necessary to limit its dispersal.

Although an international control organization may be limited geo-
graphically, it may not limit itself to single pest species. Such is the
case with the European and Mediterranean Plant Protection Organiza-
tion. This group is an outgrowth of a more limited one—the Inter-
national Committee for the Control of the Colorado Beetle. Such or-
ganizations arrange for research on problem species, the exchange of
information and personnel, the provision of operating funds, and the
execution of control programs.

The only truly global organization does not provide all these serv-
ices. The Food and Agricultural Organization of the United Nations
has provided a world reporting service since 1951 (The Plant Protec-
tion Bulletin) and has formulated uniform regulations and quarantine
procedures whose adoption is urged upon member nations. These pur-
poses alone, if fully realized, justify the activities of F.A.O, It is prob-
able that this comparatively new emphasis will serve as a basis for yet
closer ties among nations in the control of pests.

In a less direct way the World Health Organization also contributes
to quarantine and control legislation. The many vector control pro-
grams throughout the world, aided in some way by W.H.O., operate
on the premises of reduction in numbers of vector species and altera-
tions in human habitation in order to minimize contact between the dis-
ease-carrying vectors and human beings. Where operations succeed in
containment or eradication, locally or regionally, they become “quaran-
tine” actions. The best example is the total removal of a fairly well
established population in Brazil of the yellow fever mosquito ( Anoph-
eles gambiae ), presumably brought from French West Africa.

Protection of Food and Fiber Supply

The control of pests affecting commodity production, storage, and
distribution was traditionally the responsibility of the individual. Early
legislation concerned invasion and establishment of pest species, and
only incidentally affected local control problems. The Insect Pest Act
of 1905 recognized the value of inhibiting traffic of insects between

e e
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crop-producing areas. The Plant Quarantine Act of 1912 implemented
and broadened the prior law. The exclusion clause in these acts was
enforced by inspection, seizure, and condemnation procedures to en-
sure reduced traffic in insect species. Containment and eradication
programs are simply extensions of the exclusion idea.

Many years after the passage of the Plant Quarantine Act, Congress
recognized that general pest control was in the public interest. The
basic law approved by Congress in 1937 delegated the responsibility
for control to the Secretary of Agriculture in these words: “The Secre-
tary of Agriculture, in cooperation with authorities of the states con-
cerned, organizations or individuals, is authorized and directed to ap-
ply such methods for the control of incipient or emergency outbreaks
of insect pests or plant diseases...as may be necessary.” The key
words are cooperation and directed. Together they explain the present
manner of operation of the federal control agencies. A later law (1944)
allowed the Secretary of Agriculture to act independently as deemed
necessary in the control of any infestation. In 1947 this sequence of
authorization and operation was applied to forest insects. The Secre-
tary of Agriculture, in language very similar to the above quotation,
was authorized to conduct surveys, to investigate control procedures,
and to carry out such measures as necessary to accomplish control ob-
jectives. The value of forests to the public thereby received the same
recognition as that of croplands (Camp, 1956).

The large-scale control programs (gypsy moth, fire ant, spruce bud-
worm, and grasshopper) are based on the foregoing directives to the
Secretary of Agriculture. The Plant Pest Control Division of the U.S.
Department of Agriculture is responsible for carrying out decisions
to control on croplands. The Forest Service assumes the parallel re-
sponsibility on forested lands.

Interagency committees are maintained at both policy and operat-
ing levels when control programs are apt to affect other interests. Most
important of these are health (U.S. Department of Health, Education,
and Welfare) and wildlife loss (U.S. Fish and Wildlife Service).

To this point, legislation has been identified only with the need
to restrict movements of pests and to suppress populations of offend-
ing species. Both purposes are legislatively defined as matters of public
interest. Radical changes in the character of and ability to disperse
pesticides have brought a need for protection against the control agents
themselves—again defined in the public interest. Two legislative ap-
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proaches have been taken: one, to define the manner of use of hazard-
ous pesticides; the other, to deal with residual amounts of such chemi-
cals in foodstuffs. Human health has been the primary consideration in
both approaches. Restrictions on amounts of residues under the Miller
Bill and Food Additives Amendment have already been discussed. Re-
strictions on initial use are the responsibility of the Plant Pest Control
Division of the Department of Agriculture (U.S. Dept. Agr., 1948——).
The current reference law is the Federal Insecticide, Fungicide, and
Rodenticide Act of 1947, In 1959 this law was amended to include other
classes of agricultural chemicals—nematocides, plant regulators, de-
foliants, and desiccants.

The total process of controlling pesticide uses is complex and ranges
well beyond the federal and state agencies concerned. In fact, it is
reasonably accurate to state that these agencies do not directly control
use. They do control marketing, however. They do so primarily by
registration of chemicals, Registration is preceded by an accumulation
of data on both hazard and use. Label statements on packaged chemicals
must accord with the best information available. Appropriate warnings
must appear on each label. These statements must be clear and explicit,
based on determinations that use of the product according to instruc-
tions is safe to the user and to the public and will not result in unlaw-
ful residues. Most states now have agencies that register chemicals in
the same manner. California, for example, has registered over 12,000
pesticidal products (Lemmon, 1957 ). At the state level as well as the
federal, “registration” laws are closely linked to “residue” laws. Com-
pliance with law is tested by periodic sampling of marketed chemicals
to ensure that label guarantees are met.

Recent federal and state registration laws have the effect of requiring
the chemical manufacturer or formulator to prove safety before use.
Before these laws were established it was up to the agencies to prove
hazard. The reversal of responsibility has resulted in an important limi-
tation on use that only secondarily can be called a legislative restric-
tion. Registration requirements that are fully met are costly. When
coupled with the costs of development and field testing, costs can
become prohibitive. The small investor cannot play the role of en-
trepreneur.

There are other kinds of pressures which force legislative action on
pesticides. In general they are public attitude, war requirements,
market conditions, and so on. Public outlook is particularly important,
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but it is difficult to analyze except in broad terms. It lacks—according
to the views of some specialists-—the perspective that full knowledge
might bring. A. C. Worrell, of Yale University, has provided a rare
attempt to integrate the diverse elements involved in decisions to use
pesticide chemicals (Worrell, 1960). His paper is the best of its kind I
have seen. The book by Gunther and Jeppson (1960) accomplishes
much the same purpose, but represents too strongly the views of the
pesticide industry. Rachel Carson’s Silent Spring (1962) has been the
only account of pesticidal hazards that has been successfully directed
to the general public.

The Protection of Desirable Forms

Relatively few kinds of animals and plants are inimical to human
welfare. A very great deal of effort, however, is expended to limit the
depredations and misery caused by these few species. The majority of
legislation reflects concern about these species. The remaining species
—millions—are not favored by legislative concern, except for a few
which receive preferential treatment. Normally, among animals, these
exceptions are species that provide sport, yield a specialty food item,
appeal to curiosity, or are distinguished by their rarity. Plant species
may be protected for some of the same reasons, but more often they
are protected as shade or decorative trees. Distinctive assemblages of
plants and animals may be protected in parks and refuges by public
desire, although, more often, particular species aud uses are the subject
of individual legislation.

The widely divergent purposes of “nature” protection are reflected
in law. Legislation is generally inconsistent in its measures to protect
wildlife except for the popular game species. And except as regards
these species, there is also little strength in legislation. Wildlife pro-
tection, in contrast to pest control, depends on public attitude for its
continuation.

The U.S. Fish and Wildlife Service is the most important single
governmental agency concerned with wildlife protection. The statutes
that govern its operation are broadly written, but its efforts are directed
largely toward management of the few species of birds, mammals, or
fishes popularly rated as game, food, or pests (note the redundancy in
the name Fish and Wildlife Service). The state conservation depart-
ments parallel it throughout, with two important qualifications. First,
game species receive the greatest emphasis; pest control is not a major
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concern with most such agencies, nor is nature protection in the widest
sense. Secondly, although most state codes are written to include broad
responsibility, only a few states approach full assumption of this re-
sponsibility. Moreover, enforcement of code violations is difficult and
frequently unpopular,

With reference to the federal pesticide legislation I have already dis-
cussed, one important point must be made. Wildlife values are recog-
nized in laws not administered by the U.S. Fish and Wildlife Service.
Tangibly, this is reflected in the labeling requirements of pesticide
chemicals under the Federal Insecticide, Fungicide, and Rodenticide
Act of 1947. Where clear hazard to wildlife exists, warnings must be
included on each label. No penalties are provided for violations of
recommendations or for producing unintended damage within the
limits of recommended use.

In some states wildlife hazard is given strong consideration in both
chemical registration and the procedures recommended. California,
Connecticut, and Wisconsin are examples. In these states the full range
of hazard is given more weight than the law basically requires. (Agen-
cies performing in such fashion deserve especial recognition for the
difficult task they assume.) The U.S. Fish and Wildlife Service co-
operates with other agencies in providing information and judgment
on wildlife hazard connected with crop-insect and forest-insect control,
water-pollution control, and health-related control programs. Relation-
ships with other agencies are sometimes formalized (e.g., the present
committee liaison with the Plant Pest Control Division and the Forest
Service ), but their success is more apt to be based on the competencies
and personalities of individuals. The Fish and Wildlife Service does,
however, have two formal areas of pesticide responsibility. The older
one falls under the Predator and Rodent Control Division, whose func-
tion is the control of or alleviation of damage caused by vertebrate
animals. The development of new methods of noxious-vertebrate con-
trol and the assessment of hazard to wildlife from all pesticide uses are
the responsibility of the Branch of Wildlife Research. Supporting funds
have enabled a beginning to be made on research investigations on a
broad front. The important word is beginning; research of this kind is
extremely complex—not easily subject to the neat experimental designs
of the developmental chemist. Nonetheless, a start has been made and
a few patterns are emerging., A much larger program will be required
in (I estimate) three or four years.
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Interagency relationships are not always comfortable, nor can private
groups and public agencies always reach accord. The recent conduct
of large-scale “mass” spraying programs has not been distinguished by
effective cooperation either among agencies or between agencies and
the public. The serious discord following the fire ant control program,
after a period of recriminations, resulted in stronger agency ties and
more judicious appeals for public understanding. However, it
prompted a legislative attempt to enforce both close interagency opera-
tion and a broader base for decision-making. The bill in question is
H.R. 11502, “to provide for advance consultations with the Fish and
Wildlife Service and with State wildlife agencies before the beginning
of any federal program involving the use of pesticides or other chemi-
cals designed for mass biological controls.” Extensive hearings on the
Chemical Pesticides Coordination Act were held in May, 1960, but no
further action was taken by the 86th Congress. Essentially the same
measure was put before Congress shortly after convening in 1963, but
action was postponed until after the appearance of the President’s
Science Advisory Committee report on use of pesticides (Kennedy,
1963 ). Strong public pressure remains for enforced cooperation among
public agencies. The practicality of such a measure if adopted remains
to be seen. Its most probable effect will be to slow the “enthusiasm”
of advocates of eradication programs. For less extreme positions, it will
probably accomplish little that cannot be accomplished as well by
other, more pleasant means.

Congressional pressure for the Pesticides Coordination Act was
dropped temporarily following the formation of the Federal Pest
Control Review Board in October, 1961. This organization “, .. will
insure that the framework of the objectives of the [pesticide control]
programs are [sic] sound and that the most effective, economical and
safest procedures are followed.” The purposes of this new board are
those envisioned in the Pesticides Coordination Act. It remains to be

seen whether its purposes will be satisfactorily accomplished. To date,
no clear evidence of its value has been forthcoming.

Private actions sometimes influence pesticide operations and legisla-
tion a great deal. Of course, in the long run all legislation is a reflection
of private judgments, but in a more immediate way individuals and
groups determine the boundaries of pesticide disputes and subsequent
legislation. I have already described a case in point, the citizens’ suit
against the gypsy moth control program (see Chapter 3). Citizens’
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groups have in a number of instances been organized and have effec-
tively argued for wildlife values in several states. Private organizations
such as foundations and scientific societies have lent expert counsel
and authority for matters under their aegis. Their effect on policy and
legislation is indirect but real (e.g., Conserv. Foundation, 1960).

One of the most influential private bodies is the National Research
Council. It is not a governmental body, as it might appear to be, but it
is an adviser to government. The National Research Council recently
turned its attention to pesticide-wildlife relationships, and now has a
functioning Committee on Pest Control and Wildlife Relationships.
The summaries and recommendations as they appeared might be ex-
pected to have great weight in determining the pattern of legislation in
the pesticide field. Such an expectation has not been met in two of the
three reports that have thus far appeared (Natl. Research Council,
1962). Although coming from a distinguished committee, the reports
are so general as to be meaningless, are unscholarly, and, most curi-
ously, evade the central reason for the committee’s formation (the
clear evaluation of wildlife-pesticide relationships). Hopefully, the
third and last part (research needs), to appear in 1963 [after comple-
tion of this manuscript], may more nearly satisfy its purposes.

The functional counterpart of the National Research Council’s Com-
mittee on Pest Control and Wildlife Relationships (although with
closer ties to government ) in Great Britain is the Nature Conservancy.
It is highly regarded for its responsible evaluations. At its suggestion,
for example, the use in Britain of aldrin, dieldrin, and heptachlor as
“seed dressings” was discontinued in 1961 after clear hazard and
actual damage from their agricultural use were demonstrated. A sug-
gestion for discontinuance of use of these chemicals would not be acted
upon so positively in this country.




ITI. THE RESPONSES OF ANIMALS
TO CHEMICAL CONTROL






6 - THE INVERTEBRATES—
WATER, SOIL, AND SURFACE

’]-!‘13 invertebrate animals comprise by far the largest number and
variety of living things. In fact the phylum Arthropoda, which includes
the insects, contains about 90 per cent of all animal species. Terrestrial
invertebrates are greater in number while aquatic forms include a
greater variety. Most of our pests, parasites, and disease vectors—the
targets of pest control—are invertebrate animals. However important
these species may be as pests, the majority of invertebrates can be
looked upon as beneficial forms—at their simplest, interesting, and,
more finely analyzed, both economically desirable and truly necessary
in the maintenance of animal food chains. The complexity of the inter-
actions between invertebrate animals and their physical and biological
environment is perceived but incompletely understood by scientists.
Only in the simplest of ways are the interactions manipulated for the

special favor of man.
No section of the earth’s surface on which man is permanently resi-
dent is free of invertebrate animals, nor in any area is he free of the
85
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need for them. The present discussion centers on the invertebrate ani-
mals living in water or in or on the soil. Summarizing the highly intri-
cate relationships within a few pages of text is presumptuous, but an
attempt must be made.

Aquatic Invertebrates

There are three aquatic environments of special interest to us here—
freshwater streams and ponds, marginal freshwater and brackish
marshes, and the shallow coastal margins of the sea. Knowledge of the
effects of pest control on these habitats declines in the order named.
A good portion of this knowledge derives from planned insecticidal
pollution whose hazards were foreseen. This is the case in blackfly,
mosquito, and sand fly control. An increasing portion stems from

studies on unintended contaminations associated with terrestrial-insect

control. Hazards from this source have not always been foreseen, and
unwanted mortality has often been spectacular.

A number of studies in the middle and late 1940’s centered on the
hazards of DDT in widespread use over stream and pond environ-
ments. Notable are those under the sponsorship of the Public Health
Service and the cooperative programs of the (then) Bureau of En-
tomology and Plant Quarantine and the Fish and Wildlife Service. The
papers of E. L. Bishop (1949), C. H. Hoffmann (Hoffmann et al.,
1949; Hoffmann and Surber, 1949a, 1949b), C. M. Tarzwell (1950),
and P. R. Springer (Springer and Webster, 1949, among others) are
particularly important and there are many others. The realization that
DDT possessed wide-spectrum toxicity stimulated many field investi-
gations of its effects on nontarget species. The body of data from this
period of intensive study with DDT remains the best available. Later
studies have amplified our knowledge of DDT effects, but, at least as
far as direct toxicity is concerned, they have not altered the earlier
major conclusions. The same attention has not been given to other
chemicals and means of application. In part this inattention seems
justified because of the thoroughness of the DDT work. But it is un-
justified when one considers the magnitude of the indirect or delayed
effects not foreseen in the original studies. The illusion of safety that
resulted from the studies persisted in recommending agencies for
several years. Only recently have public repercussions stirred this
lethargy.

PR g
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From these studies the following general statements can be made,
which describe reasonably well the nature of biological effects from
DDT applications over freshwater streams and brackish marshes.

Most intentional applications of DDT to water surfaces have been
made at 0.2 to 0.5 pound per acre. Before continued exposure produced
resistance and other complications, these levels succeeded in con-
trolling target organisms (i.e., producing drastic reductions tempo-
rarily ).

Unintentional applications to water result from treatments on land
near water borders at higher doses; 0.5 to 1.5 pounds per acre would
be the normal range of application. These applications too serve their
intended purpose reasonably well. Because in most cases chemical
applications are not made directly to water, it is probable that the
amounts reaching water surfaces through runoff are only a small frac-
tion of the amounts applied to the land—perhaps one-fifth or less. Di-
rect accidental application at full doses from poor pilotage would
constitute an exception.

Critical influences in toxicity are the volume and rate of water flow.
Shallow impounded waters yield most severe reductions. Strong flush-
ing and dilution resulting from tidal or stream flows lessen the immedi-
ate impact and duration of effect.

Unintended effects can result from much less poison than is com-
monly used or than is necessary to control a pest. The effects at these
lesser amounts are not equal. Susceptibility depends on the animal
group, its life habits, and the manner of exposure.

In general, arthropods are sensitive to small amounts of chemical
contamination. Particularly vulnerable are insect larvae, marsh spiders,
and all crustaceans. Surface insects (e.g., dytiscids, corixids) are
slightly less sensitive, but nonetheless are drastically affected by rates
above 0.5 pound per acre. Certain kinds of worms (for example,
oligochaetes ) are about as responsive as the surface insects. Planktonic
forms range in susceptibility according to group; small crustaceans are
the most sensitive (note, for example, the extremely high Daphnia
sensitivities recorded in Table 10). Adult mollusks—mussels and snails
—seem highly resistant.

Rates of population recovery vary with the extent of reduction (a
function of application rate), the faunal complex, the frequency of
repeated applications, and the physical character of the aquatic en-
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vironment. Recovery in most groups exposed to applications under 0.5
pound per acre seems to be sufficiently rapid to discount such loss.
Above this amount, euphemistic appraisals that recovery rates are
rapid enough to repopulate in reasonable periods do not seem sup-
ported. Even at 0.5 pound per acre in some situations (as I will shortly
describe ), optimistic appraisals seem questionable,

TABLE 10

Estimated concentrations of organic insec-
ticides required to immobilize Daphnia
magna in 50 hours (from Anderson, 1960)

- - -
P —— —

Concentration in water

Pesticide ( parts per billion)
EPN 0.1
Parathion 0.8
Malathion (.9
DT 1.4
Methoxychlor 3.6
Aldrin 29.2
Heptachlor 7.7
Dieldrin 330.0

I would judge, with the benefit of hindsight, that large-scale DDT
applications contribute only a delaying action against the pest species.
Intended results in control have been achieved largely in those schemes
where repeated exposure was not required. Where repeated, the prob-
lems of residues and insecticide resistance have dictated against con-
tinuing use of DDT. The limited usefulness of DDT repetitions is
further enforced by unintended effects on other species of animals.
The effects on aquatic organisms have been more pronounced than at
first believed, and recovery after treatment seems much slower than
anticipated. The extension of treatment to millions of acres rather than
the few used in experimentation or in local pest control has been ac-
companied by unwanted effects equal in magnitude to the damage
caused by pest species.

The complications of repetitive vector control have already forced
substitution of other chemicals or a return to environmental controls in
this country. This conclusion does not yet apply on a global scale, but
will in time. Forest-insect control does not normally demand repeated
chemical treatment at frequent intervals. Problems of residue and re-
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sistance have thus been avoided there. Other biotic problems remain,
and in fact are becoming magnified.

Let me illustrate how serious these complications can be with
reference to aquatic organisms in major streams coursing through
treated forest lands. The examples come from salmon streams exposed
to treatments for budworm at 0.5 pound of DDT per acre in New
Brunswick (Ide, 1956) and at 1 pound per acre in British Columbia
(Crouter and Vernon, 1959).

In the earlier study, immediate effects on stream fauna from a DDT
application in mid-June were marked. Following immediate kill there
was negligible insect emergence for a month after spraying. In late
summer there was a sharp increase in numbers, but almost all were
small chironomids. Insects emerging in the year of spraying were al-
most all small, in contrast to the preceding year, when a large portion
were large forms. The actual volume of production following spraying
was much reduced. Less than one-half the usual bulk of insects was
produced in the year following spraying. There were significant differ-
ences from normal in the insect types composing the biomass. The same
pattern obtained in the second year following spraying, although a
slight recovery of some large forms seemed to be taking place. The
most conspicuous features of the sprayed streams were the large num-
ber of chironomids and the almost complete absence of caddisflies. The
same kind of increase in numbers of small flies following stream spray-
ing has been observed in blackfly control campaigns. The dominance
of the small flies reduced total productivity and, through selective
elimination of the larger forms, denied the larger young salmon satis-
factory food materials.

The second study will also be alluded to subsequently in connection
with toxicity to fish. It was a particularly good study designed to analyze
several deficiencies in application procedures for forest-insect control.
Spraying near streams was deliberately avoided. Nonetheless, effects on
invertebrate bottom fauna were dramatic, much the same as were ob-
served where less care was taken. Several sites were studied. Contrasts
in numbers and weights per square foot of stream-bottom invertebrates
are shown in Table 11 for two sites before and after spraying.

Larger forms were drastically reduced. Caddisflies were totally
eliminated; stoneflies were half as plentiful five months later; and may-
flies were about one-tenth as common. In summary, the major fish-food
organisms in affected streams were drastically reduced and were of
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insignificant food value for the year of spraying. The slow rates of re-
covery indicated that the same conditions would obtain in the year
following spraying.

TABLE 11

The weight and pumber of organisms per square foot of stream bhottom before
and after spraying with DDT for budworm in British Columbia (after Crouter
and Vernon, 1958 ). Percentage change calculated from prespray figures.

= o

Priorto  Immediately %o Five months Yo

spray after change after chan ge
Sprayed areas o
I. Numbers 42.0 0.78 —98 2.2 —85
Weights ( grams) 0.0285 0.0038 —87 0.0021 —92
II. Numbers 26.9 5.21 —81 2.9 —78
Weights 0L,0226 0.0029 —87 0.0018 —82
Unsprayed area i
Numbers 24.5 12.6 —49 13.0 —47
Weights 0.0287 0.0212 —26 0.0295 + 3

The foregoing examples and commentary apply to most stream and
marsh environments. Special consideration must be reserved for organ-
isms in salt water—tidal flows and the sea itself. The effects of pesti-
cides in fresh water are measured largely by alterations in insect num-
bers. There are essentially no insects in salt water. The predominant
arthropod class in this environment is the Crustacea, a group of organ-
isms particularly sensitive to chlorinated hydrocarbon insecticides
(Tables 12 and 13). Reduction in numbers is catastrophic when crusta-
ceans—crabs, sand fleas, isopods, and so on—are subjected to pesti-
cides in tidal marshes, as well as in all other environments occupied by
crustaceans. The other important phyla are somewhat less affected—
worms moderately so, and adult mollusks seemingly not at all at low
exposures.

More critical here than sensitivity is the likelihood of exposure. It
will assuredly continue to be acute in vector control operations on tidal
marshes, Both the type of chemical and the manner of control could
markedly change the degree of hazard. Vector control specialists seem
in fact to be increasingly emphasizing environmental manipulation as

[—
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the basic control procedure. I believe we may look forward to less
hazard to aquatic organisms in vector control procedures.

The margins of the sea produce valuable amounts of mollusks, crusta-
ceans, and fishes. Other groups of plants and animals in the sea are less
important economically. Nonetheless many are valuable for particular
purposes, varying with region of the earth and cultural tradition. Sea
cucumber is a delicacy to Chinese, for example, although most Ameri-
cans would not find it palatable.

TABLE 12

Approximate concentration of four com-
mon pesticides required to immobilize
small stone crabs within 24 hours (from

TABLE 13

Approximate 48-hour median tolerance
limits (TLn) values for white shrimp
—a commercially valuable species—in

Butler, 1962) the presence of some common pesti-

cides (from Butler, 1962)

Concentration in water Concentration in water

Pesticide ( parts per billion) Pesticide ( parts per billion )

Endrin 10 Endrin 6.5

Dieldrin 10 Sevin 13.0

DDT 10 DDT 25-50

Sevin 1,000 Dieldrin 25-50
Toxaphene 75-90
TDE 75-90
Heptachlor 250.0

The question arises whether pest control chemicals extend their in-
fluence to the sea. The best present judgment is, “not very much—yet.”

Again the likelihood of exposure is critical. Commercial fisheries still
depend on removing a portion of a naturally produced population.
Management is normally only of the simplest order—regulation of the
size and number taken. Only recently has there been any general inter-
est in regulating variety, amounts produced, and quality in the manner
that is now common practice among agriculturalists.

The only important exception is the oyster industry, which for some
years has controlled spat planting, sought favorable sites for culture,
and attempted predatory-animal control. It is only in this industry that
direct, intentional contamination of shallow sea water has been
seriously studied. The Bureau of Commercial Fisheries now maintains
an active program in New England and on the Gulf Coast to study pos-
sible means of controlling oyster competitors. Among common pesti-
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cides, DDT, lindane, Sevin, and dieldrin have all proved useful in
preventing the establishment of barnacles. V. L. Loosanoff, of the
Milford (Connecticut) Laboratory of the Bureau of Commercial Fish-
eries, feels that pesticides can be safely used in oyster culture. How-
ever, the field of study is new and little is known of the effects that toxic
contamination produces. Effects are certainly present. At 0.05 part per
million (p.p.m.), DDT caused 90 per cent larval mortality in oysters
and essentially prevented the growth of survivors. Growth rates were
impeded at concentrations of 0.025 p.p.m. ( Loosanoff, 1960). Lindane
has been used safely in the control of crustaceans in oyster beds. Com-
pounds that inhibit toxic bacteria may enhance the growth rate of
clams and oysters. However, marine phytoplankton, a staple food
source for bivalve mollusks, may be harmed by many toxic chemicals
(Table 14), some of which kill when present in only very small
amounts (Butler, 1962).

TAEBLE 14

The highest concentration of herbicides and in-
secticides tolerated by five kinds of phytoplankton
used by molluscan larvae as food (from Butler,

1962)
Concentration in water
Pesticide ( parts per billion )
Herbicides
Monuron 0.02
Diuron 0.04
Lignasan 0.06
Neburon 0.40
Fenuron 290.00
Insecticides
Sevin 100.0
Lindane 500.0
DDT 1,000.0
Dipterex 10,000.0

The main emphasis in chemical uses in the sea has been to eliminate
competing organisms from the surfaces of economically valuable ani-
mals. Control of predators, regulation of growth rates, and so on, cannot
yet be widely practiced. There are surfaces other than those of shellfish
that we wish to keep entirely free of marine organisms, namely ships®
bottoms and wharf pilings. Perhaps these purposes are not properly
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included here. I need only comment that mollusks and crustaceans are
the chief offending groups and that research on antifouling compounds
has been fruitful. Normally employed are toxic “paints” that slowly
release slight amounts of copper. All such treatments act at or very near
the treated surface and cannot be considered general contaminants.

Potentially more important is unintended contamination of shallow
coastal waters. The richness of life at the sea’s margin derives in large
part from nutrients carried into it by freshwater streams. If the stream
is very large, its fertilizing influence may be felt many miles from land.
When the stream has coursed through many miles of agricultural lands,
it is quite likely to acquire measurable amounts of pesticides and other
contaminants. The Public Health Service has clearly established that
small amounts of pesticide chemicals exist in waters at the mouths of
some of the most important rivers in this country. These amounts, al-
though small, are increasing; so also is the variety of chemicals found
(see Chapter 13). That such chemicals exist at all in major drainages
is one problem. Their effect, given their presence, is another. It would
seem that the amounts thus far determined are too small to produce
toxic effects directly. Nonetheless, there remains the strong likelihood
that certain of the most susceptible invertebrates can be affected. The
shrimp fisheries off coastal Louisiana are one situation where the ques-
tion of possible pesticidal effects has been raised (Gresham, 1962).
Pesticidal effects have also been suggested as an explanation for some
die-offs among inshore crab and mollusk populations. I know of no
convincing data to support these allegations, but I do believe that such
loss is not unlikely. The Gulf Coast would seem to offer the essential
requisites: a major drainage flowing through agricultural land to the
sea, and shallow, productive, reasonably stable marine waters. At pres-
ent the amounts of pesticides that have been found are not considered
hazardous to human beings, nor to fish under most circumstances.
Measured amounts within the range of crustacean susceptibility have
been found on occasion, but no biological studies have been made to
confirm effects at these levels. Based on the assumption that pesticidal
residues will continue to be present (and perhaps rise) in major river
outlets, we may foresee wide-scale effects for two reasons: There is no
escape from them in aquatic environments; food-chain organisms pick
up, store, and accumulate stable pesticides found in their food medium,
thus becoming toxic to the animals that feed on them. These reasons
would seem to offer more serious concern than heavy mortality from
direct ocecasional contamination.
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Soil-inhabiting Invertebrates

If soil were regarded simply as an inert substance that will prop up
plants and hold fertilizer, then control of soil pests should be directed
toward inhibiting the numbers of those few organisms causing im-
portant reductions in yield or quality. By extension, the soil would be
considered merely a convenient medium on which to produce foods
and fibers until such time as we can divorce ourselves from it. We
would depend on it because we presently have no efficient alternative.
Production in these terms is a form of mining, only slightly more com-

plicated than withdrawing metals from the earth. This view is sup- .

ported in practice by the majority of fertilization and pest control prac-
tices. Such an attitude ignores the basic contribution of living soil—
the decomposition of organic matter. The return of once-living things
to the soil improves texture and water retention and, most important,
again makes available in usable form the simpler chemicals necessary
to continue life,

In elementary biology we describe the carbon and nitrogen cycles
and discuss trace-mineral requirements without identifying them di-
rectly with practical production problems. By both student and agri-
culturalist the unavoidable truths of the organic cycles seem not to be
appreciated. Richness of soil comes from the life within it. Productive
soil is teeming with life. When an agriculturalist uses crop yields to
assess soil productivity, he is reporting an indirect measure of the
amount and variety of soil organisms present within it. A relatively
sterile soil produces a relatively poor crop. The transfer of fertilizers
and mineral nutrients from one point on earth to another has the effect
of increasing soil fertility in the favored site but in no way changes the
basic premise. “Advanced” cropping systems, which have as their goal
the selective utilization of small fractions of the total biological pro-
ductivity and which attempt to enlarge only this fraction, can be self-
defeating, especially if they follow the path of “clean” cultivation—
burning, removing the surface organic matter, or otherwise contribut-
ing to a decline in humus content with its attendant plant and animal
life. Under these conditions decline in soil fertility can be predicted.
The decline is hastened when toxic chemicals are added to the soil—
chemicals that interfere with decomposition processes or create im-
balances in the soil complex. Frequently, new problems arise where
none or small ones previously existed. I strongly suspect that soil
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biclogy is the single most neglected area of pest control research,
At the conclusion of this section I will list several criticisms of current
philosophies and techniques of soil-pest control that give the reasons for
this suspicion.

The numbers of organisms in the soil are staggering. The biomass
of soil organisms, taken collectively, constitutes well over half of all liv-
ing matter. Decomposing organisms (bacteria, fungi) comprise the
greater number, but detritus feeders, parasites, and predators probably
constitute a larger mass. The species and variety of larger organisms
tend to differ according to soil, crop type, and region of the earth. There
is a greater uniformity in types of microbial organisms, If we consider
energy requirements rather than numbers, kinds, or amounts, we can
derive the “fuel” requirements of entire complexes. Metabolic activity
is the best available measure of productivity and degradation rate
(MacFadyen, 1957). In soils where the respective groups are at normal
abundance, an approximate order of importance according to metabolic
activity would be:

Bacteria Mollusks
Nematodes * Mites
Fungi ® Fly larvae ®
Protozoans Earthworms
Collembolans Spiders
Beetles *© Harvestmen

It should be noted here that the above order is approximate, and,
further, that variation occurs from season to season and region to
region according to soil type. Moreover, it excludes vertebrates that
burrow or find shelter in soil.

The commonest soil pests belong in the groups marked with an
asterisk in the above list. In general, damage results within the soil
from the prevention of seed germination (primarily by fungi) and
from physical injury to root systems (sometimes producing secondary
injury through disease transmission). Less commonly, there is no
within-soil damage but control is directed toward killing early stages
in the life cycles of insects that would later produce above-surface
injury. Microbial organisms and nematodes are confined to the soil
throughout their life histories; insects normally live in the soil only
during their larval stages. Most effort at control of soil animals has
been directed toward insect larvae that damage root systems. The
magnitude of nematode damage has come to be appreciated only in
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very recent years, and greatly expanded research in nematology has
followed.

Specific targets of control are chiefly larvae of the insect orders
Lepidoptera (butterflies and moths), Coleoptera (beetles), and Dip-
tera (flies). The three best-known soil pests are cutworms (moth
larvae), wireworms ( tenebrionid and elaterid beetle larvae), and white
grubs (Japanese beetle, June beetles, and others). As with the nema-
todes, the type of cultivation normally affects the numbers. Changing
the crops or cultivation practice is the best method of reducing num-
bers of all these forms. Where changes cannot be made, chemical con-
trol is practiced. Chemicals may be applied directly to soil, where they
are generally distributed by plowing and disking throughout the top
few inches of soil. Volatile chemicals may be drilled into soil or applied
in spots or rows, from which their effects spread. In some instances
protective strips of nonvolatile chemicals are placed in furrows parallel-
ing rows of plants. Chemicals can also be applied directly to seed.
Fungicides have long been used in this manner. Now it is common
practice to add insecticides as well to the slurry in which seeds are
mixed. Several chlorinated hydrocarbon insecticides have been success-
fully used. The best known is BHC or its gamma isomer, lindane, for
wireworm control. The sphere of action of seed-treatment chemicals is
limited; hence, their effect on soil microorganisms is not general.

The best evidence that mortality occurs as a result of soil-pest control
is the reduction in numbers of the target species, but the customary
measure is the crop yields that follow control applications. The ma-
jority of assessments of soil-pesticide efficacy have been made by these
two measures of control success. Only rarely and recently have non-
target numbers been studied as well. Lilly (1956) points out how
ecological study has been generally neglected in recent years. None-
theless, he notes increasing use of soil insecticides by growers (par-
ticularly of row crops—corn, sugar cane, etc.) and predicts far greater
use.

The most widely used soil insecticides at present are chlorinated
hydrocarbons, characterized by low phytotoxicity and long residual
action. The most serious hazard to nontarget invertebrates arises from
high application rates directly to soil. A variation of this is the slow
accumulation of insecticides in soil when application (even though in
low amount) is repeated before chemicals from previous applications
have been completely degraded. (This point is expanded later in Chap-
ter 13; I need only comment here that almost nothing is known about
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the ecological consequences of such accumulations.) Some concern is
expressed by forest entomologists about the possible effects that forest
spraying might have on soil microorganisms. This concern stems from
the realization that forest communities must remain complex to permit
the most satisfactory pest control.

DDT has been applied to ground surfaces at rates as high as 25
pounds per acre to control white grub. Dieldrin has been used at rates
of 5 pounds per acre for white-fringed beetle. Several wide-scale
campaigns employ aldrin, dieldrin, or heptachlor at rates up to 3
pounds per acre. Vertebrate mortality has been associated, both di-
rectly and indirectly, with all these applications. That there are pro-
found effects on soil organisms I have no doubt, but I know of no
serious studies on them.

Surface applications to be worked into the soil are normally at the
rate of 0.5 to 2 pounds per acre, depending on the soil and the chemi-
cal. When distributed uniformly to plow depth, they rarely exceed one
part per million. The actual contaminative rate is therefore low. None-
theless, Sheals (1955) noted that BHC at low levels caused a heavy
reduction in microarthropod numbers. DDT caused reduction in mites
but an increase in the number of springtails (Collembola ), apparently
associated with a decrease in predator numbers. Depression of numbers
in affected groups lasted through 17 months. The same pattern is not
followed by soil flora. Although numbers of molds and bacteria fluctu-
ate widely in soils treated with normal levels of insecticides, there
seem to be no permanent effects on them. This conclusion is, however,
based on single application (Bollen et al., 1954).

Surface applications, which only incidentally work into soil, are
potentially more serious because they are far more frequent and wide-
spread. Still, no sustained imbalances seem to occur at low application
rates such as used occasionally in forest-insect control. Hartenstein
(1960) could show no significant decreases in mites and collembolan
populations in forests treated with DDT and malathion at normal
rates of application. Only at higher rates did he demonstrate transitory
effect. Herein would seem to lie the danger to soil organisms. The most
probable means of acquiring high concentration in soil would be
accretions of chemicals from repeated applications. Only stable chemi-
cals could accrue in this manner, The fact that they can is abundantly
supported. Ginsburg and Reed (1954) found DDT present at concen-
trations of 35 to 113 pounds per acre in soil under apple trees. Those
authors noted soil residues in many other crop situations as well. The
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lowest value found was 4 pounds of DDT per acre in potato soils. The
important point is that DDT was never applied singly in the amounts
reported in this study. I have not seen one study in which increments
of accumulation were related to changing organismic character of the
soil; yet the accretions occur and assuredly are widening in occurrence.

The foregoing description is a confined view—it assumes for pur-
poses of discussion that stable chemicals remain in soil to produce
whatever effects they may. In fact, they do not always remain. Chemi-
cals may be leached out in runoff water, as previously noted. Treated
seeds may be picked up by birds and mammals. These seeds are, in
essence, poisoned baits, with their effects—possibly even death—de-
pendent on the type of chemical and the amounts ingested. Finally,
soil organisms containing chemicals may be removed by burrowing or
surface-feeding animals. This situation is complicated further when
soil organisms, most notably the earthworm, have the ability to store
and accumulate chemiceals in the tissues. The transfer of a stable chemi-
cal in soil, its concentration in a tolerant organism, and its ultimate
distribution to a susceptible vertebrate is a most interesting sequence,
and one with profound importance. Because of this importance it is
described in detail in a section devoted to this subject (Chapter 20).

There are, then, three general methods by which toxic chemicals
intrude into soil: general distribution by tillage throughout the top few
inches of soil; spot treatment, generally near growing plants or on seed
itself; and surface contamination usually resulting from above-surface
insect control. All affect soil organisms, and all are potentially hazard-
ous to surface organisms.

Extensive soil contamination as a method of pest control is relatively
new. Possibly this fact could be offered to explain why so little is
known of its general effects. This explanation is only in small part
satisfactory. Serious gaps in knowledge derive from the emphasis
placed by pest control technologists on the two indirect measures
identified earlier. These measures describe a limited concern—effect
on crop yield in a single growing season. Much less attention is ac-
corded to longer-term effects on yield. In both instances the greater
part of work on chemical side-effects is directed toward toxicity to the
crop plant or to the possible contamination of products with chemical
residues. The avoidance of legal entanglements potentially restricting
sale is the motivation of the latter studies. In short, from the outset,
soil-pest control procedures have been developed by technologists with
little interest in the total biology of sustained productivity.

e ki
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These are broad criticisms, which are in good part subjective. They
can be reduced, however, to specific criticisms. Let me list a few that
I feel are important.

Most important of these is the effect on soil fertility itself. The
studies to date, which conclude the effects are none or inconsequential,
are based on single growing periods and single chemical applications.
Realistic as these experimental bases are for initial consideration, they
by no means cover the entire range of possible effects. The most im-
portant of these other effects come from accumulating levels of chemi-
cals in soil.

Ecological studies, which have as their goal full knowledge of soil
biology, are now seldom conducted by control technologists. Yet such
studies are most apt to lead to control methods that exploit cultural
and biological alternatives. Only these methods are free of residue
problems and of the need for repeated chemical applications.

The faunal simplification that is occurring everywhere aboveground
is now being extended belowground. Of course, cultivation itself is
the prime reason for this reduction in the variety of organisms. But
when high concentrations of chemicals occur, more than target species
are affected. Pest species are clearly hardy; many enemies of pests are
not. We seem increasingly to be creating partially sterile environments
favoring hardier species. Average numbers of pest species are higher
under such circumstances, and outbreaks become more frequent. A
pattern of this kind has been repeatedly observed in both surface and
soil organisms. It is odd that control technologists seem not to appreci-
ate the relationship between pest numbers and complexity of fauna.

It is equally strange how very little thought is given to one elemen-
tary fact—that surface organisms are sustained by those below the
surface. The most obvious clue to this fact lies with pest insects them-
selves; their period of life in soil is transitory, an interlude in a life
cycle inevitably concluding on the surface. To call an underground
species a “pest” does not alter the biological fact of constant ex-
changes between soil and surface. A depauperate surface fauna will
normally be paralleled by a depauperate one belowground. Moreover,
chemicals applied belowground commonly return to the surface in
biological carriers. The chemical may be on the body of a dying
organism, or, if the chemical is stable and capable of being ac-
cumulated in animal tissue, it may be brought to the surface by an
apparently healthy animal.

The practice of sowing seeds with toxic coatings is rapidly expanding
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both in area and in the variety of chemicals employed. Treated seeds
are, of course, intended to kill or repel some target organisms, but their
toxicity may not be so limited. Other seed-eating species may remove
the seeds from soil (hence perhaps qualifying as a pest for so doing),
or, if broadcast, a good proportion of seeds may remain on the soil
surface, where they cannot germinate and are readily accessible to
seed-eating forms. The latter likelihood is increased by aerial sowing,
now practiced so widely. Whether in soil or on the surface, treated
seeds are quite capable of harming species other than the intended
target.

Lastly, it will unquestionably be only a matter of time before soil -
organisms which have been genetically selected for resistance to certain
chemicals supersede nonresistant strains in the same way that many
resistant surface organisms have. Continued exposure to a chemical is
required to select for this kind of resistance. Exposure can be achieved
by frequently repeated application, by high applications of a stable
chemical, or by accumulating levels.of stable chemicals, All three types
of exposure are common and increasing. Resistance can be expected.

Terrestrial Invertebrates

Insects not only comprise the lgrgest single terrestrial invertebrate
class, but also as a group they are probably the most widely adapted
animals on the surface of the earth. Only man is an effective com-
petitor with insects. The bulk of pest control effort is directed against
plant-feeding and disease-carrying insects.

There is no need to consider eradication of insects in general. Per-
haps all that need be said is that “control,” i.e., reduction in numbers,
of the relatively few insects that we call major pests can be achieved
only temporarily. Chemicals are the primary control instruments now
in use. To affirm that they are effective for their limited purpose, one
need only note the thousands of articles that have been published on
insect control. The Journal of Economic Entomology contains dozens
of articles per year attesting to successful reduction of particular insect
species. The countless advisory circulars and bulletins of governmental
agencies throughout the world further establish that insects can be
controlled. The seven volumes to date of the Annual Review of En-
tomology have many articles summarizing progress in particular phases
of insect control. The summary volumes Advances in Pest Control
Research are devoted almost entirely to insects. Similar information
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on the methods and results of control appears in hundreds of other
publications, and the number of articles is increasing at such a rate as
to overwhelm a conscientious student of pest control.

My point is a simple one—in a limited way insect control is success-
ful. I use “limited” to emphasize that the reduction in numbers is
usually local and temporary. Most insect control leads neither to total
removal of the pest species nor to reduced necessity for its control. The
advantages of limited control are nonetheless great, and there is even
indication that the numbers of insect control workers (and presumably
their success in control) will continue to increase. Killing insects re-
mains the chief preoccupation of applied biologists.

My focus in this book has been on the adverse effects of pest control.
There are many kinds of effects, but, limited only to insects, problems
of this kind reduce to three categories: the harm done to insects that
vield useful products; the reduction in numbers of parasitic and
predaceous insects effective in the natural control of insect populations;
the failure to preserve insect species as objects of study or recreation.

The last of these is not taken seriously by many entomologists.
Natural preserves for insects have been suggested by a few, particularly
Europeans. Occasionally the idea is extended as an insect control
measure. One serious suggestion was the establishment of small “is-
lands” of natural fauna distributed throughout intensively cultivated
lands. These islands would constitute .reservoirs from which colonizing
insect enemies could emigrate to surrounding depauperate farmlands.
The idea is intriguing, but it must be noted that pest species would
also survive in such a preserve, albeit in low numbers. Moreover, the
preservationist’s outlook, commonly applied to birds and mammals, has
few proponents among applied biologists.

On the second point, beneficial insects that aid in natural control of
injurious forms are often harmed by insecticides, with the result that
insect control becomes more difficult. Frequent reference has been
made to this problem in the text, and a detailed discussion is presented
in later sections.

The first problem is acute. Insects of immediate commercial value
to man are few. Lac insects, silkworms, and honeybees are examples.
In this country the honeybee is singularly important, not only for its
honey and beeswax but also as the major pollinator on croplands.
Orchardists some fifty years ago began the practice of bringing hives
of bees into groves of fruit trees. The practice expanded as increased
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yields in other crop types were demonstrated. The unusual value of
bees in increasing seed yields in legumes was clearly shown during
World War II. Since that time it has become common practice for
growers to install hives of bees in fields during flowering periods. A
profitable business has resulted from the rental of bees; bee-keepers
no longer consider honey their chief source of revenue.

Unfortunately, bees are vulnerable to many organic insecticides. At

the time when arsenicals were commonly used on crops, the chief
hazard was to hive bees. Arsenic residues brought back to the hive
were incorporated into honey, often poisoning entire broods of bees.
Arsenicals are no longer widely used. The main danger now is contact
toxicity to field bees from dusts and sprays applied to foliage. A lesser,
though important, problem is contamination of places where bees
drink. From either source, the hazard is real; heavy mortality has been
observed repeatedly. The bee journals (for example, Gleanings in Bee
Culture) have published many articles on insecticide poisoning of
bees and precautions to observe in placing hives or timing insecticide
applications. A few articles and editorials are strikingly similar in tone
and content to the objections to pesticides raised by wildlife enthusi-
asts. .
Most insecticides in wide use have moderate to high toxicity to bees
(Anderson and Atkins, 1958; Todd and McGregor, 1960). Variations
in timing, through observations of peak bee activity, and adjustments
in dose rates can reduce the hazard inherent in some chemicals (for
example, DDT, toxaphene, Trithion). Many other chemicals are highly
toxic, and should not be used for several days preceding or during the
pollinating period. In this group are such common insecticides as the
arsenates, dieldrin, heptachlor, parathion, and Sevin. Instances of bee
mortality continue to recur. Although both legal actions and strong
precautionary recommendations have resulted in reduced contact of
bees with toxic chemicals, I can see no way of avoiding some loss.
Occasionally it will be serious. I suspect that the consequences of bee
loss are greater than currently believed. As a broad question, who
knows what the total impact of insecticides is on pollinating insects of
all kinds? The mortality of honeybees on intensively cultivated lands
can provide only a partial measure of the total effect of reduction in
pollinating insects, even on croplands. It is clearly inadequate as a
measure for noncroplands.




7 - THE COLD-BLOODED VERTEBRATES

BﬁcﬂuSE cold-blooded vertebrates in general seem to be only moder-
ately vulnerable to ingested poisons, they are able to store quantities of
residues which are not lethal to them but which may be lethal to their
predators (see Chapter 20). However, gill-breathers show great sensi-
tivity to poisons which contact the gill surfaces. In addition mortality -
may result from the reduction in food organisms that is effected by

pesticides.

Fish

Instances of local fish-kills are now so commonplace that they at-
tract little local attention. In some kinds of control operations, fish
loss is unpreventable and is an expected consequence of insect control.
The usual sites of damage are the margins of lakes and streams ad-
jacent to treated areas, major water-diversion channels through agri-
cultural lands, and ponds or sumps where vector control operations

take place. Fish may be replaced by stocking (particularly after vector
103
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control ), or reduction in numbers may be so minor as to constitute no
permanent hazard to a resident population. Normally the reaction is
topical and immediate. However, it is not always so. A more serious
problem occurs when runoff waters are contaminated. Surface irriga-
tion waters diverted into collection channels after use are commonly
polluted. Certain crops, notably rice, require constantly flowing water.
Insecticidal treatment on rice fields inevitably results in diversion of
some toxicant from the treated area. Heavy rainfall following insecti-
cide treatment may wash insecticides into ponds and streams. A slower
process, but of the same character, is the leaching of insecticidal resi-
dues from soil. The insecticidal “contributions” from a major watershed
or crop-growing area may result in considerable contamination a
great distance downstream.

Fish mortality has been extensively documented in all the foregoing
situations. (See, for example, U.S. Public Health Service, 1961.) The
simple fact that such losses occur is not very important; they also occur
from sewage and industrial pollution and from purely natural causes.
Moreover, human demands on water supply have required impound-
ments, channels, and surface uses, which, taken together, affect fish
populations more seriously than does insecticidal pollution.

Nonetheless, direct insecticidal effects on fish are important and are
becoming increasingly so for these reasons. Fish are sensitive indicators
of contamination. How sensitive is illustrated in Table 15. Fish mor-
tality is an early and obvious warning that water quality has de-
teriorated. The necessary re-use of water dictates pure water.

Local losses of fish can be tolerated when, on balance, a greater gain
than loss results from pesticide application and when natural or arti-
ficial replacement is possible. But “local” cannot be construed to in-
clude large bodies of water, entire watersheds, and large segments of
streams. The recovery of fish populations under these conditions is
neither rapid nor sure. Fish are an important resource in themselves.
To tolerate occasional local loss is not to condone extensive loss. Local
advantage cannot be traded for general disadvantage, even though the
effects may be indirect and remote.

Perhaps more serious than the foregoing are the attitudes of some
interests and their reflection in law. A prominent legislator, in a public
hearing, told me that he represented agricultural interests only, and
that as far as he was concerned water had only to serve crop-growing
interests. He generously exempted urban and industrial users from his
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general indictment, but he was quite prepared to sacrifice all other
water uses. I have repeatedly met industry and grower representatives
with similar views. Neither the nutritional nor recreational users weigh
heavily with these individuals. Aesthetic or moral responsibilities
weigh not at all. Notably lacking is real knowledge of the complexities
of quality maintenance in water and of the extent of re-use. In prac-
tice, many individuals intentionally disregard existing protective codes
and do so knowing full well that prosecution is unlikely.

TABLE 15

Approximate median tolerance limits (TLw) values to fish of several
common chlorinated hydrocarbon insecticides and the practical appli-
cation rates necessary to reach these values (from Henderson et al,

1960)
Pounds per acre applied
to surface of water three
96 hour TLm feet deep to reach the
Pesticide ( parts per billion) T L concentration
Endrin 0.60 0.005
Toxaphene 3.5 0.03
Dieldrin 7.9 0.07
Aldrin 13.0 011
DpT 16.0 0.13
Heptachlor 19.0 0.16
Chlordane 22.0 0.18
Methoxychlor 62.0 0.51
Lindane 77.0 0.63
BHC 790.0 6.4

Less forgivable is the illusion, created in controlling legislation, that
chemicals remain where applied. Residue laws allow a certain amount
of an applied chemical to be removed from the area where applied;
the amounts are spoken of as “tolerance levels” on foodstufts. The
implication is that no more than these amounts escapes from the area
where applied. This is simply untrue. Contaminated runoff is one such
avenue of escape. I will describe others in later sections. In all cases
the premise is not valid that we are protected by residue laws from
exposure to crop-protection chemicals. The best single negation of the
premise is that frequent fish-kills result from pesticides, even when
pesticides have not been applied in the immediate area.

As in most studies of economically important animals, effects of
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poisoning rather than causes are studied in fish. It is enough here to
point out that the cause of rapid death in fishes exposed to chemicals
is usually suffocation—interference with respiration at the gill mem-
branes. Delayed effects, secondary poisoning, and disturbance of food-
chain relationships are greatly different problems which have not been
well studied. These subjects are considered later, in appropriate sec-
tions,

I feel it necessary here to substantiate that population numbers of
fishes can be severely reduced by normal insect control practices, and
that these reductions can affect a large area. The first example concerns
aerial spraying for budworm in Canadian forests at 0.5 and 1 pound
of DDT in oil per acre. The second illustration applies to warm-water
ponds and streams in the cotton-growing regions of northern Alabama.

In each spring since 1952, large forest areas of northern New Bruns-
wick have been sprayed with DDT in efforts to control a spruce bud-
worm epidemic. The epidemic widened in spite of control efforts, and
in 1957 some five million acres were sprayed, much of it for the second
or third time. Fortunately, well before the epidemic occurred, person-
nel of the Fisheries Research Board of Canada had been studying
Atlantic salmon populations in the major drainages of New Brunswick.
A completely reliable “before” assessment could therefore be made (in
contrast to most studies ). Effects of spraying on salmon were immedi-
ately obvious, and led to continued and amplified efforts to assess the
“after.” Figure 1 graphically illustrates numerical reductions and effects
on age classes in salmon of one river system relative to spraying opera-
tions near the river. Note that the effects are differential; ages and
species are not affected uniformly. Additional effects also occur.
Growth of parr is slower because of reduction of their food. Recovery
of trout populations requires two years. The salmon are anadromous
fishes normally spending three years in fresh water before moving to
the sea. Under repeated spraying, the year-groups 0, I, and II can be
affected more than once, and smolt production can be seriously cur-
tailed. The number that return to fresh water has yet to be fully
assessed, but there is a strong likelihood that salmon runs, as well as
smolt production, will be severely limited (Keenleyside, 1959).

Only recently has it been possible to assess the long-term impact on
salmon populations of continued forest spraying in New Brunswick
(C. J. Kerswill, personal communication; Fish. Research Board, 1963).
Earlier observations on immediate losses to salmon and aquatic insects
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have been repeatedly confirmed. Following aerial application of DDT
at 0.5 pound per acre, predictable losses are 90 per cent in under-
yearling salmon, some 70 per cent in pair, and virtual annihilation of
aquatic insects. Significant recovery of populations of aquatic insects
requires five or six years. Commercial catches of salmon in marine
waters have declined as predicted. The watersheds of the Miramichi
and Restigouche rivers contribute approximately four-fifths of sea-run
salmon numbers. It has been estimated that if DDT spraying in these
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Fig. l.—Abundance of young salmon in the Northwest Mira-
michi River. Arrows indicate years when DDT was sprayed
in the area. Cross-hatching indicates fish found in sprayed
parts of river (from Keenleyside, 1959).

watersheds had not reduced salmon numbers, commercial catches
would have been one and one-half to two times greater than they have
been since 1954. The commercial loss lies between one-half and one
million pounds per year. Salmon returning to fresh water provide yet
another measure of salmon loss. In the Tobique River, for example,
direct counting revealed a drop in numbers in the decade 1953-62 to
about one-sixth of original numbers, Angling success among sports
fishermen has declined in proportion although fishing pressure has
markedly increased.
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Sportsmen, fishermen, and residents will attest to the recreational
and economic importance of the Atlantic Salmon Fishery in New
Brunswick. This is not a minor problem.

It has not been considered a minor problem by Canadian research
workers. Close liaison has been maintained among affected disciplines;
funds have been increased; helpful comments have been invited. These
workers have sought sensible and realistic conclusions. With this fore-
sight it is frustrating to report that a particularly well-planned program
nonetheless yielded serious mortality of fishes and other aquatic organ-
isms. The campaign was directed toward the black-headed budworm
on Vancouver Island; about 155,000 acres were sprayed at the rate of
1 pound of DDT in oil per acre. Testing sites were established well in
advance, and careful censuses were made. To avoid contact with
streams, the following procedures were adopted:

(1) Streams would not be used as boundaries for spray plots. This
would prevent streams from receiving double spray doses.

(2) Pilots would spray parallel to the course of major streams, keep-
ing one swath away.

(3) Spray would be shut off when streams were crossed.

The hazards of the spray operation to fish and fish-food organisms
were fully realized, and pilots made conscientious efforts to follow the
above procedures. Nonetheless, mortality was heavy in most streams. In
four major streams, the mortality of coho salmon fry approached 100
per cent; in others, mortality ranged downward to 10 per cent. The
effect on salmon is best expressed by the original report (Crouter and
Vernon, 1959: p. 37):

The coho salmon has a predominant three-year life cycle and very little
overlapping from other year classes can be expected. Even assuming that
there was not a complete loss of fry in the four grossly affected streams, and
assuming also that there will be some smolt production, judicious manage-
ment will not restore the population for many cycles. The economic loss will
then be accumulative until the escapement is restored once again to the
1956 level.

The authors add that artificial stocking would be not only expensive
but quite probably unsuccessful. The eftects on fish-food organisms
paralleled the effects on fish. The present unproductive state of the
affected streams would not support a significant transplant. The effect
on other salmonid fishes (resident trout and freshwater stages of steel-
head) echoed the loss of coho fry.
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Both the application of DDT and the study of its effects were con-
ducted with great care. The contamination of streams during forest-
insect control programs seems both predictable and unpreventable.
One might well wonder what lies ahead for fish populations if aerial
treatment of forests with pesticides continues and expands.

Pesticides need not be applied directly to waters to contaminate, As
noted before, rapid runoff of rain and irrigation water can carry im-
portant amounts of stable insecticides (e.g., Bridges, 1961; Nicholson
et al., 1962). In 1950 almost all cotton fields in northern Alabama were
treated in efforts to subdue a boll weevil outbreak. Some nineteen
million pounds of insecticides were applied. Almost all insecticides
applied were chlorinated hydrocarbons, characterized by high stability
and toxicity to fish. The most commonly used insecticide was toxa-
phene, a chemical now frequently used as a fish poison. Unusual rain-
fall at the time of the outbreak necessitated retreatment of many areas.
The rapid runoff of waters, with the unusually heavy insecticide appli-
cations, combined to produce a staggering loss of fish and fish-food
organisms in thirty-six streams in the treated area. The contamination
was felt over many miles of individual watercourses. Balanced pro-
ductivity of the affected streams had not recovered even three years
after the extensive mortality (Hooper and Hester, 1955; Young and
Nicholson, 1951). Although these circumstances were unusual, the
manner of contamination gives warning that it might easily recur. The
increasing incidence of large-scale fish mortality should give clear evi-
dence to all that chemical “control” is not sufficiently controlled.

Amphibians and Reptiles

Observations of pesticide effects on amphibians and reptiles are
usually made casually in the course of other studies. Hence there is not
a large body of data on which to base conclusions. Several good ac-
counts of mortality are available, but these accounts rarely describe
effects on the whole population. The permanent significance of this
mortality can only be estimated.

In general, amphibians seem to be somewhat more sensitive to in-
secticides than reptiles. This differential susceptibility is presumably
related to the character of the skin. Reptilian skin is heavily keratinized,
an adaptation to terrestrial habitats. Respiration is entirely through the
the lungs. The thin, permeable, heavily vascularized skin of most
amphibians enables them to carry on dermal respiration in addition to
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respiration by other means. All amphibians are “aquatic” in the sense
that they are tied closely to water for reproduction, and some, par-
ticularly salamanders, live constantly on a moist substrate. There is a
wide range of dependence on water in both groups, however. Some
reptiles are bound to aquatic environments more closely than are some
amphibians.

The reptiles and amphibians which are adapted to live at the shal-
low margins of streams and ponds or which live on the exposed surface
of the ground seem affected most by current means of applying
chemieals.

The critical factors for the occupants of water margins seem to be
three: lack of dilution of toxicant in shallow waters; the toxic character
of diluents and solvents used with pesticides, especially as they pass
through the permeable amphibian skin into the vascular system; and
the tendency of oil-based pesticides to concentrate at the water surface.
The last point—concentrated environmental exposure—is, I believe,
particularly important, The water surface is repeatedly broken by frogs
and certain salamanders. The aquatic snakes move primarily at the
surface. Even the turtles, which are seemingly quite resistant to pesti-
cides, frequently break the surface to breathe or sun themselves.

Ground-dwelling reptiles and amphibians contact surface contami-
nants in a similar way, but the contact is less apt to be intermittent. On
the other hand, arboreal forms or those that keep well hidden do not
maintain continued exposure to surface-applied chemicals. It is well
established that chemical applications are “filtered” by heavy overlying
plant cover; very small amounts, if any, reach under logs and stones or
into the subterranean crevices where many species dwell.

The foregoing conclusions are inferential. They are, however, based
on known instances of mortality. Most examples derive from experience
with DDT (see Rudd and Genelly, 1958). With this chemical it ap-
pears that mortality in amphibians is severe at an application rate of 1
pound per acre and becomes catastrophic at 2 pounds or more per
acre. Fashingbauer (1957), for example, records almost total destruc-
tion of a population of wood frogs ( Rana sylvatica) in an area sprayed
at 1 pound per acre for tent caterpillars. At the lower rates, toxicity
seems largely dependent on solvents or the particular kinds of environ-
mental exposure I have described. Comparable responses in reptiles
begin at about 2 pounds per acre, probably becoming serious at about
twice this rate. Population effects are noted less commonly. Logier
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(1949) predicted a 50 per cent mortality of reptiles and amphibians
where 1 pound per acre (DDT in oil in forest-insect control) reaches
water surfaces; he concluded that such a mortality would not be serious
if not often repeated or if not widespread. Stickel (1951) concluded
that populations of box turtles in a woodland area in Maryland were
not visibly affected by annual applications of DDT at 2 pounds per
acre.

The fire ant control campaign in the South provides the only other
good source of data on pesticidal effects on reptiles and amphibians
(DeWitt and George, 1960). In this instance the chemical concerned
was heptachlor in granular form at 1.5 to 2 pounds per acre. Unin-
tended contamination of water resulted from faulty application and
(probably) from runoff of rain waters from treated land. On one study
area in Alabama, three genera of snakes disappeared within about a
year’s time; one purely terrestrial form survived in low numbers, but
its reproductive patterns were affected. A similar but less severe pattern
was observed in snake mortality in two parishes in Louisiana. Both
aquatic and terrestrial turtle populations were severely reduced, and
show no signs of recovering. Lizards seem similarly affected. Four
species of the frog genus Rana virtually disappeared from one study
area. Arboreal species of frogs and salamanders were little affected.
There is no question that the effects of this control program on reptiles
and amphibians were catastrophic.

Delayed or indirect effects may also occur in these groups, but dis-
cussion of them is reserved for later sections.



8 - THE WARM-BLOODED VERTEBRATES

Inadvertent effects of pesticides on birds and mammals have received
more attention than have the effects on lower animal forms, but even
so, the documentation is meager and incomplete. Much of the mortality
is the result of secondary poisoning which, because of the absence of
circumstantial evidence, is difficult to attribute to pesticides without
analysis of body tissues.

Mammals

Information on the toxicity of pesticidal chemicals to mammals
comes from three sources: intentional control of pest species, chiefly
rodents and carnivores; intentional use in toxicology and medicine to
assess hazard to human beings and livestock; and field studies on wild
mammals exposed unintentionally to pesticides (Rudd, 1961). The in-
tentional uses of chemicals against mammals are the subject of a
voluminous literature and will not be stressed here. It should be noted,
however, that the greater part of data on mammalian response to chemi-
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cals comes from these sources. In fact, the use of laboratory animals in
the bioassay of pesticides is the primary reference base for assessing
the toxicity of these chemicals to human beings and domestic animals
(see Table 2). Furthermore, most regulatory judgments are based on
information of this type. For pertinent summary information, see
Negherbon (1959) and Rudd and Genelly (1956).

Emphasis here is on the unintentional effects of pesticides on wild
mammals and on the effects of mammal poisons on species other than
mammals. Unfortunately these emphases concern the least documented
areas of pesticidal effects on mammals. This is true, and apt to remain
50, because the wild mammals of North America generally do not have
the intrinsic popular appeal possessed by some other animal groups.
More frequently they are looked upon as nuisances, disease vectors,
objects of fear or superstition, or economic liabilities. Research investi-
gations on animal-pesticidal interactions rarely center on wild mam-
mals, whereas they do commonly for insects, aquatic invertebrates,
fishes, and birds. Noteworthy exceptions are the game mammals and,
in a few connections, the fur bearin g forms.

Unintended mammal deaths result largely from (1) poisoned baits
used to control nuisance mammals, (2) abnormally heavy applications
of chlorinated hydrocarbon insecticides, or (3) special environmental
situations (usually at lighter rates of pesticidal application) where
greater exposure is rendered likely.

Toxic chemicals intentionally placed on acceptable foods (poisoned
baits) will always be hazardous. They are so because mammal poisons
are as a group highly toxic, and, equally important, baits are attractive
to many kinds of animals other than the target species. In many in-
stances careful placement of baits hinders their accessibility to non-
target species (in burrows, for example). Countering this precision,
however, is the increasing use of aircraft in dispersing poison baits.

Control of wild dogs (coyotes, wolves, and dingoes) with poisoned
flesh baits has always resulted in some loss of other species of carnivo-
rous mammals (skunks, foxes, weasels, domestic dogs). There seems to
be no way of preventing losses of this kind. The campaigns to control
rabbits in Australia, deer and opossums in New Zealand, and field
rodents in this country have produced unintended mortality. The actual
extent of loss is not known. The only group likely to know its extent, or
in a position to learn it, is that responsible for the control operation, but
reports are incomplete or nonexistent. However, furbearing and game
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mammals as well as domestic dogs have their vociferous defenders. As
a result, wherever these mammals are poisoned or endangered, con-
troversy appears. No mammal control campaign of this character has
escaped it (New Zealand Forest Serv., 1958; Robinson, 1953; Rudd and
Genelly, 1956; Smelser, 1959).

Poisoned mammal baits may have birds as their unintended victims.
Direct poisoning depends, of course, on food predilections (secondary
poisoning is discussed in a later section). Flesh baits have killed mag-
pies, crows, and eagles, but apparently this loss is not extensive. Grain
baits probably produce the greatest unintended loss of this kind.
Graminivorous birds have been found dead on many occasions in areas
undergoing control. In 1960, for example, 1080-treated grain bait
distributed by air for forest rodents killed several species of birds, with
heaviest mortality of Steller jays ( E. G. Hunt, personal communication ).
In this instance no real searches were made for bodies; they were
found at camp grounds. Thousands of geese were killed in the Tule
Lake area of northern California and Oregon by carelessly distributed
grains directed at meadow mice (Mohr, 1959). Repeated losses occur
among pheasants and quail under similar circumstances.

Abnormally heavy broadcasts of nonselective insecticides, such as the
chlorinated hydrocarbons dieldrin, DDT, endrin, and heptachlor, are
capable of killing mammals. In insect control programs these chemicals
will normally be applied at rates of 0.25 to 1.5 pounds of toxicant per
acre. Within this range no lasting direct effects on mammals have been
noted. Where, however, the special habits of a pest insect require high
insecticide doses and long residual action, mammal mortality has been
common. In a campaign in Illinois against Japanese beetle, dieldrin
was used at 3 pounds per acre. Ground squirrels, muskrats, rabbits,
and other vertebrates were killed (Scott et al., 1959), and general de-
clines in population numbers followed because of continuing direct
loss. The program against the imported fire ant in the southern states
was based initially on 2 pounds of dieldrin or heptachlor per acre (dose
since lowered ). Exact figures on loss are not available, but populations
of some species declined markedly (e.g., raccoons, rabbits). Mammal
mortality was revealed in all investigations, and many specimens ex-
amined contained chemical residues in tissues. Surviving raccoons in
one area studied still had residues in their tissues a year after treatment
(DeWitt and George, 1960 ). DDT, below 4 to 5 pounds per acre, does
not affect mammals directly, but indirect effects have been noted at
even normal insect control levels.
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High levels of application cannot be called “abnormal” when they
are designed to kill mammals. Application rates of these chlorinated
hydrocarbon “insecticides” to control mammals range from 1.5 to 6
pounds per acre, depending on chemical and formulation. All such
chemicals can and have killed a great variety of vertebrate animals.
Needless to say, insect populations are also drastically reduced. Endrin,
the most toxic of those used, is not recommended by conservation
agencies, but is commonly recommended by others, particularly for
mouse control in orchards. The hazard to wildlife, pets, domestic ani-
mals, and spray operators is high enough to warrant discontinuation
of this practice.

Lastly, we may look to those hazards that depend on a particular
kind of exposure. They may result from the behavior peculiar to a
species; for example, deer, to their misfortune, are attracted by the
“salty” taste of sodium arsenite, used in forestry to remove tree bark.
In other cases a chemical, although lightly applied, concentrates greatly
at a particular site. DDT applied to the foliage of elm trees concen-
trates at the crotches of major branches and in the soil at the drip line
of the tree. Other particular environmental features may trap or con-
centrate the chemical; such seems to be the case with applications of
DDT in oil on muskrat marshes. The oil solvent containing insecticide
floats at the water’s surface. Although immediate toxicity may be dis-
counted, some longer-lasting effect, reflected in population declines,
seems to be operating (Stearns et al., 1947; Wragg, 1954).

To summarize, direct toxicity to mammals from normal insect control
operations is probably rare. Operations requiring relatively high appli-
cation rates are hazardous to mammals as well as other forms of life.
Mammal control operations are intrinsically hazardous. This inherent
hazard can be ameliorated only by confining the exposure to the target
species by exploiting its distinctive habits. Indirect effects on mammals
are probably greater than presently known. Some known effects are
described in later sections. Irrespective of cause, pesticide effects on
mammals will continue to incite contention.

Birds

No other group of animals is as popularly attractive as are birds.
They, like the fishes and the moths and butterflies, have evolved a
complex of adaptive types that are colorful, ubiquitous, and, most im-
portant, noticed. Birds are the first id=ntification with natural free-
living organisms that we have as children, and throughout our lives
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their presence is closely identified with human activities and judg-
ments. Birds are a valued part of our culture and will remain so. The
organized “bird watchers” are a very small proportion of our popula-
tion, but they are far from representing the total interest in birds. None
but the most sadistic of persons could want to kill birds unnecessarily.
In those instances where planned killing is sanctioned, legal codes
exercise every restraint consistent with need.

For these reasons, losses of birds from chemicals have drawn a great
deal of attention. It is a disproportionate attention from a purely
biological view. Many other groups of animals may be as affected by
chemicals, but they have no defenders. Human values are biologically
disproportionate, and, this being so, no apology need be made for our
special concern for the welfare of bird life.

The habits of birds dictate that they shall meet chemicals in many
places. There is great variety, Cropland, forest, hedgerow, sea, stream
bank, pond, river—each environment supports its distinctive birds.
There are ground-dwelling and tree-dwelling species; burrowers and
soarers; urban and rural types. Therefore, wherever chemicals are used
outdoors, they can contact birds.

The fact of contact does not necessarily mean harm. Birds are not
vulnerable to most chemicals in normal use, nor are all species in a
treated area apt to be affected at any one time. The chief protection
of most birds is their mobility. When able, they move from an area
undergoing chemical treatment. Anyone who watches a mist blower or
dusting plane in operation will observe the flight of birds from the
treated area. Since the spraying operation is normally maintained for
some time, birds do not re-enter an area quickly. This is particularly
true of passerine birds whose food habits are not narrowly restrictive.

Some kinds of birds are restricted to narrow habitats and are driven
from their normal habitat only with great difficulty. The wading birds
are good examples. A pond, marsh, or rice field is their home. It matters
very little that a stubble field, orchard, or alfalfa field is nearby. The
fact of habitat specialization ensures that treatment of such areas will
cause mortality if the chemical and its vehicle inherently possess the
potential.

The loss of egrets in California rice fields is a good example (Rudd
and Genelly, 1956). Dieldrin at recommended doses is toxic enough to
kill wading birds. Egrets cannot be driven from a field. They simply
move to another part or, if available, to an adjoining slough or drainage
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ditch. This is scant protection, since aerial applications are not so
accurate as to avoid contamination of the field boundaries. The precise
manner of injury to species of narrow habitat proclivities is largely an
academic issue. The egrets, for example, are probably injured through
a combination of direct and secondary intoxication. Constant dermal
~ontact with the toxic surface film unquestionably has its effects. Less
sure, but not to be ruled out, is the contamination of fish and other
aquatic organisms that constitute an egret’s food supply. But, whatever
the means of causing injury, the immediate consideration is the re-
stricted environmental requirements of a species. Technical information
can be useful in determining methods of reducing exposure, but it does
not alter the basic requirements of the species or their susceptibility to
exposure. This is a point curiously ignored by most professional toxi-
cologists.

Valuable as is the mobility of birds, it cannot be entirely depended
on for protection. In addition to narrow habitat requirements, the cyclic
or rhythmic habits of birds also counter mobility. The result of cyclic
behavior patterns is that the bird is forced to remain in a given habitat
for a period of time.

The most obvious of these in the daily cycle is roosting. While mo-
bility protects birds from immediate exposure to chemicals during day-
light hours, their return at night to a favored habitat is a rule, not an
exception. If the foliage is wet and if chemical residues are not only
toxic but available, or if applications are made at night, birds, denied
their diurnal mobility, are exposed in full force to the toxic capability
of the chemical in use. Loss from this type of exposure, although dif-
ficult to document, is, I am quite sure, widespread. It is known to occur
in passerine birds in citrus orchards sprayed with parathion, where the
protective canopy of vegetation apparently serves also as a fumigation
umbrella. It is known to occur in such closely lying plant structures as
alfalfa and ground covers under orchard trees. Pheasants and other
gallinaceous game birds have drawn the most attention in these in-
stances. But many passerine birds have also been killed in roosting
sites.

In intentional control this type of hazard can be effectively employed
(Janzen, 1961). Reducing the numbers of crows, starlings, and black-
birds depends in part on treating roosting sites; because these birds
frequently form large flocks, the combination of large aggregations and
restricted habitat at roosting renders them particularly susceptible to
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control. The success of these treatments, however, should be taken as a
measure of hazard to desirable species.

A second restriction on bird mobility is that imposed by the usual
specificity of their food. Few birds approach the omnivorous eating
habits of bears, skunks, or pigs—or man, for that matter; the manner

of acquiring food is restricted for a given group or species of birds. The °

foliage-feeding insectivorous warblers and vireos, for example, cannot
substitute fruits or seeds or grasses for insects. They range intimately
into the parts of plants where feed the insects, mites, and spiders that
are their food and that also are the target of a chemical application.
Birds and economic entomologists are directed toward the same eco-
logical niche, but the entomologist has the advantage in this competi-
tion. Not only can he reduce a food source for birds but his manner
of doing so frequently involves chemicals capable of harming the birds
directly. There is no escape for the birds if the niche is treated.

This food predilection is not limited to foliage-feeding birds. Ground-

feeding birds will be largely insectivorous or graminivorous, Although

different kinds of food within a food class may be eaten, these differ-
ences are only seasonal adaptations and do not amount to great differ-
ences in habit. Temporary increases occur in the numbers of carnivo-
rous birds in areas of rodent abundance, but not so regularly as might
be supposed. And the type of food is the same even though the par-
ticular species may not be the usual prey. The only significant differ-
ential is the condition of prey. For my purposes here, “condition” refers
to the numbers of individuals in a population and to the well-being
of the individuals in a population. And both conditions modify the ease
of capture by carnivorous birds. If numbers are high, the likelihood of
capturing prey is increased. Carnivorous birds are well fed in years of
rodent abundance. Breeding is successful, and even slightly more suc-
cessful than the norm if food is readily available throughout the re-
productive season. When numbers of rodent prey are reduced, capture
is less assured and carnivorous birds face a real task in merely remain-
ing alive. Starvation is a common event among predaceous birds and
mammals, and in some instances is dramatically noticeable, such as the
winter die-offs of owls recorded in Germany in recent years. Needless
to say, the carnivorous birds that survive in years of low rodent num-
bers do not breed successfully, for degree of success is related to the
ease of capture of prey. In some years, breeding will begin but not be
completed, and little production of young birds occurs.
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The second “condition” related to ease of capture—prey well-being
—concerns poisoned prey. Secondary poisoning will be discussed in a
later section devoted to the subject; here, food alone is being con-
sidered. A classic argument derived from Darwinian controversies is
the nature of prey taken by predaceous animals: Do predatory animals
take “unfit” animals—the diseased, sickly, and unnaturally exposed?
Darwinism has been abused in many areas. This is one example. It has
been shown in many studies that predators in fact prey primarily on
the prey animals that are easiest to capture. But whether our predator
is falcon, wolf, or black bass, it should be remembered that these ani-
mals can take perfectly healthy animals. Such animals are simply more
difficult to capture in periods of low numbers.

I have wondered why secondary poisoning among raptors occurs
more frequently than one might expect on a random basis (Rudd and
Genelly, 1956). If a rodenticide—necessarily a stable chemical (e.g.,
thallium )—poisons many rodents in a population, the likelihood that
poisoned individuals will be captured certainly increases. An animal
in convulsions is hardly a “fit” animal in the Darwinian sense, and with-
out doubt such individuals are selected differentially. It is difficult to
understand otherwise how such large numbers of owls in Germany
contained thallium in tissue following recent rodent control campaigns.
A widespread rodent control effort is rarely as effective in reducing
numbers as advertised, nor is the control effort normally applied uni-
formly to include the feeding territories of many individual carnivo-
rous birds. I can only conclude that in areas where rodent poisoning is
conducted, carnivorous birds will find that poisoned animals are easy
targets, and consequently secondary poisoning will be likely.

Just as the environmental mobility of birds is restricted by food and
roosting, so also is it restricted by the habits of reproduction. Annual
nesting and the rearing of young increase the vulnerability of birds for
a quarter to a third of the year. The rule with most birds is confinement
to a territory, i.e., a spatial area normally adequate to sustain both
adults and young, through the reproductive period. Normally, adult
birds are tied not only to the nest and young but also to the territory.
However, even slight disturbances may often result in abandonment
of nest and young. The contamination of a territory with a toxic chemi-
cal can poison adults and young birds or lead to nest abandonment be-
cause of disturbance. The former result depends a good deal on the
nature of the chemical, and also somewhat on the diluent or vehicle
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in which the pesticide is dispensed. Even water sprayed on nestlings
causes such a temperature loss by cooling that death may result. Thus,
any spraying may injure nestlings if it contacts them directly. Nests
are normally hidden and well protected, so that such loss is not likely.
Mortality of this kind is most apt to result from orchard spraying.
Forest spraying as normally practiced does not result in disturbance
sufficient to cause abandonment of territories, nests, or young. Nor does
it through toxic action seem to harm either adults or young directly.
Specialized operations (as examples, Dutch elm disease control,
Japanese beetle control, and tick control) and experimental operations,
both of which may demand high dose rates, have, however, had marked
effects on nestlings as well as adults.

The usual index to bird numbers is a census based on sight and
sound. During the nesting season, numbers of birds are easily estimated
by such a census. Not only are birds spatially limited but this also is
the period of maximum singing. The “before and after” spraying cen-
suses conducted by trained ornithologists can be depended on to give
good relative counts, and in many situations may be taken as nearly
absolute. During the nonbreeding period, however, bird mobility can
be so great as to make counts of little precise use. I mention the limits
of censusing methods because people untrained in biology frequently
dismiss all bird-census results as meaningless. The reason usually given
is the lack of precision. A truer reason is perhaps the convenience of the
argument.

Different studies of pesticide effects on birds do not always reach
similar conclusions even though types of chemicals and rates of appli-
cation are the same. Variability of this sort will hardly raise a biologist’s
eyebrows, but it is a source of surprise to many physical scientists.
There is a host of ecological variables, many beyond analysis (one is
the acuity of the observer). It is not my intention to discuss these
variables here. Rather I wish to state only one conclusion. Insecticide
applications are certain to have ecological effects; after all, the purpose
of application is disturbance (reduction of pest numbers).

The effects of DDT on birds are best known. DDT will cause adult
mortality in birds in any ecological situation at 5 or more pounds per
acre, At 2 or 3 pounds per acre it will kill adults under certain condi-
tions, will kill considerable young, and will essentially eliminate the
flying-insect population on which many insectivorous birds depend. At
1 pound per acre, direct effects upon birds are negligible (except
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where directly sprayed: viz., nestlings) but indirect effects will result
from reduction of insect numbers. At rates under 0.5 pound per acre—
the normal range for mosquito control—effects are indirect through
reduction of food insects. These effects are noticeable, albeit transitory,
but can be considered unimportant if chemical treatment is not re-
peated (George, 1960a; Rudd and Genelly, 1956).

These conclusions are formed from our experience with DDT. Other
chemicals are relatively little known. There is no reason to suppose that
the pattern is not the same if the necessary corrections are made for
the inherent characteristics of the chemical. Dieldrin and heptachlor,
for example, are more toxic than DDT. Where we have data, it appears
that we can apply the same conclusions if we reduce the dose figures
to one-half or two-thirds. Parathion, in contrast, is 'much more toxic.
We would have to lower the values by three-quarters or more, but
remember that the opportunity for effects to occur would be of shorter
duration because the chemical is less stable.

In the first portion of this section I discussed the habits of birds that
render them particularly susceptible to chemicals. The cloak can be re-
versed to expose its lining. How are chemicals applied in nature in a
manner that endangers birds? There are both intentional and uninten-
tional effects.

Birds as competitors for food or as nuisances must, on occasion, be
controlled. Relatively few species of the many thousands in the world
are continued targets of control. In almost every case the target species
are truly commensal—live near human habitation—or have found agri-
cultural environments more suitable than their native one. Familiar
examples are crows, starlings, certain finches, and blackbirds. These
adaptable species have doubtless increased their numbers—thereby
qualifying as pests—because of man’s activities. Their increase was
produced unintentionally by man, and intentional efforts to reduce
them are justified. Another group of birds may be considered here.
These are the occasional competitors—for example, the crowned spar-
rows—which under some conditions are responsible for losses of seeds
or growing plants. Here again, few species are involved, and only these
species are the intended targets of control measures.

Mechanical devices for trapping and repelling birds are used locally
to control birds, but only one system of control has general significance:
the use of poison baits. Seeds and fleshy fruits are the normal vehicles
for poison, although specialized baits (for example, suet for magpies )
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are used to suit the habits of a particular species. Standard chemicals
such as strychnine are used normally, although chlorinated hydro-
carbon insecticides have been tried in special situations. Blackbirds,
crown sparrows, finches, and crows are baited regularly. In California
and some other states, many thousands of birds are killed annually by
such means. Chloral hydrate—the “Mickey Finn"—has been used in
Sweden and France, and has the advantage that it merely drugs birds
with low doses so that they may be removed to other areas.

One may question the justification for many of the instances of this
kind of control. But, beyond this question, it is probably fair to say that
bird control is reasonably well conducted to prevent unnecessary loss.
Hazard to other species nonetheless exists, and actual loss of desirable
species has been documented. Though baiting is the most widely used
control system, another method, potentially more hazardous, is being
developed. Uniform application of acutely toxic sprays whose per-
sistence is short (for example, the highly toxic TEPP) has been suc-
cessful on blackbirds. This method is applicable only to species that
concentrate at nesting or roosting sites. The method is, of course, in-
discriminate since other animals in the treated area will surely be killed
by the doses needed to kill the birds. In this respect, treatments of this
kind are similar to broadcast rodent control methods, already widely
used and indiscriminate in their effects.

By far the greatest source of hazard to birds is unintentional intoxi-
cation. The extent of loss, I believe, is much greater than is indicated by
detailed studies and published reports. This I infer for a number of
reasons:

(1) Reports of damage to game birds in contrast to song birds draw
a disproportionate amount of attention.

(2) Control biologists do not weigh heavily the loss of nongame
species, if they consider them at all.

(3) Many of the disrupting effects on birds are either subtle or
delayed.

(4) Reports from other countries verify the universality of chemical
effects on birds.

(5) Commensal and other adaptable species have increased in num-
bers around dwellings, thereby giving the impression that there are
“plenty of birds.”

I indicated earlier how the habits of birds lead to their exposure to
control agents. It remains now to consider how birds may actually con-
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tact chemicals. In general it resolves to this: If the chemical is applied
to an edible substance, intoxication through feeding is the only possible
entry into the body; if the chemical is not limited to a food substance
(usually a spray preparation), contamination through the mouth, skin,
or lungs is possible, and all may occur simultaneously. Only the habits
of birds and the crop type dictate the routes of contamination, but, in
general, multiple contamination is the rule.

Poisoned baits are used to kill cutworms, flies, wireworms and other
larval forms in the soil, grasshoppers, carnivorous mammals, and
rodents. The baits may be pieces of fruit or sweet concoctions, flesh,
grains, or treated seed. The foodstuff itself is not intended to be eaten
by birds, but it is. Examples of consumption of poisoned seeds are
many. Karl Borg (1958) has reported extensive loss of game birds in
Sweden from eating seeds treated with mercury compounds or aldrin,
In this instance, seed treatment was intended to control fungus or wire-
worms. Similar losses in England have recently become a matter of
national concern (Ministry Agr., Fish., and Food, 1961). I have de-
scribed considerable mortality in pheasants and ducks in the rice-grow-
ing areas of California from ingestion of DDT-coated rice seed on the
edges of fields (Rudd and Genelly, 1955). Treated seed is by no means
inevitably exposed to birds, For example, seed corn in the Delta region
of California is regularly treated with a fungicide or insecticide or both.
In sufficient amount, either chemical could harm pheasants, an im-
portant game bird in the area. In practice, however, no harm is likely,
because sprouting corn is husked by the birds before they eat it.

Grain baits treated with strychnine, thallium, zinc phosphide, or
Compound 1080 are used to control field rodents. All such baits are also
capable of killing birds. That significant loss actually occurs is attested
by reports in recent years from the United States, France, Germany, the
Netherlands, and Poland. A good deal of controversy has arisen over
actual or presumed loss from this kind of baiting (summarized in Rudd
and Genelly, 1956 ). Hazard may be minimized by selecting grains not
normally taken by desirable species of birds in the area under treat-
ment. Whole oats, for example, are rarely eaten by quail, although
readily eaten by rodents (Emlen and Glading, 1945). In practice,
strychnine treatment itself constitutes rather little hazard to gallina-
ceous birds; as a group, these birds are relatively resistant to strychnine.
Doves, in contrast, like all columbiform birds, are particularly vulner-
able to strychnine. Through the ingenuity of E. R. Kalmbach, the



124 | Responses of Animals

recommended procedure in preparing baits now includes coloring
grain baits. Coloration normally causes birds to reject treated grain.
The method is not infallible. The thousands of ducks and geese killed
in the Tule Lake area of California (under recent intensive treatment
for a mouse irruption) included many with colored grains in their
crops; however, the majority were killed because an appreciable per-
centage of the mouse bait distributed on open fields was, contrary to
recommendation, not colored (Smelser, 1959).

Flesh baits to control predatory mammals (coyotes, wolves in North
America, dingoes in Australia) have caused loss of magpies, crows,
and eagles. True carrion-feeders—the vultures—are able to regurgitate .
poisoned flesh quickly; it is probable that they are little affected by
flesh baits.

The poisoning of birds by pesticides is common and increasing. It
occurs because birds are found wherever poisons are used. It is increas-
ing for three reasons: greater use of broadly acting chemicals, less -
discriminately applied; the expansion of seed-treatment practices; and
the accumulation of toxic chemical residues in favored foods of birds.
The last source of poisoning is so serious that I have given it special
attention in a later section (Chapter 20). Whatever the control practice
harming birds, concern for their welfare will remain because of their
value as natural enemies of pests and because of the esteem which man
traditionally has for them.,




9 - THE SIGNIFICANCE OF REPULSION

B}r definition the word “repellent” must be confined to objects or
chemicals that do not kill but are offensive in some way to an attacking
animal. Repellents therefore do not include physical barriers or lethal
poisons, They do include frightening devices; offensive tastes, sounds,
colors, and odors; and in some instances sublethal “educating” toxi-
cants. Their effectiveness is based on exclusion rather than reduction
in numbers. Chemical repellents are normally applied to surfaces to
prevent access, in which case their effectiveness is limited to a narrow
band at or near the treated surface. Less commonly, a repellent may be
effective throughout a relatively large area, not necessarily being
focused on a particular surface.

Beyond these statements, generalization is difficult. The sensory re-
ceptors of animals are intriguingly diverse; so also are the manners of
contact between attackers of man and his goods. And so too are the
values justifying the use of repellents! An effective repellent is there-
fore one that has successfully threaded a specific pathway through
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these quite different areas of diversity. In other terms, our successful
repellent has interfered with the normal sensory response of an animal;
it has been put to use in a specific place to accomplish this; and it was
selected because no effective alternative existed. On the last point, the
repellent quite frequently protects more than one object, more than
one value,

There are only three groups of animals for which repellency can be
considered significantly effective in pest control.

The first of these groups is insects. Almost all successful effort to use
insect repellents has been directed toward blood-sucking insects. They
may be nuisance insects or disease vectors. The demands of military
operations have occasioned a good deal of research leading to the
development of low-toxicity, nonirritating chemicals that, applied to
the skin, repel many different insects for hours. The number “612” is
certainly familiar to soldiers, hikers, and others who move in the mos-
quito’s environment. Repellents may also be useful in moth-proofing
and in fly control on domestic animals. In all cases, however, the ma-
terial acts at a surface and in no case can be considered a hazardous
contaminant in nature.

Insect repellents are not widely exploited to protect crops, and there
seems to be no practical likelihood that they will be (see Dethier, 1958,
for review ).

On the other hand, field use is applicable for mmammal and bird re-
pellents, the only other groups of repellents useful in pest control
(Thompson, 1953). In almost every case where repellents are used to
limit depredations from warm-blooded animals, both a product and the
animal itself are being protected from potential harm. The only im-
portant exception is the prevention of damage to stored and packaged
products by rodents, where the animal is not valued. Since damage of
this kind does not apply to the field, I shall dismiss it here with but one
comment: The majority of work on this phase has been conducted
by the Wildlife Research Laboratory of the U.S. Fish and Wildlife
Service; refer to Welch (1954) for an able review.

Most problems in agriculture and forestry in which mammalian re-
pellents figure derive from the depredations of herbivorous or graminiv-
orous species, More specifically, among herbivores, use of repellents
has been to reduce damage to orchard and ornamental trees by deer
and rabbits. (Rodents in these environments are better limited by
lethal poisons.) Repellents for these species depend on offensive taste,
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and are sprayed or painted on plant surfaces. Several formulations are
effective if heavily applied, but none as yet repels for more than a few
weeks. Moreover, costs are relatively high. The “ideal” repellent for
these species has yet to be found. It should be inexpensive, lasting,
taste-dependent, and nontoxic ( Thompson, 1953).

The requirements need not be quite the same in forestry. Sublethal
toxicity is currently depended on to a great degree. Deer and rabbits
cannot be repelled as effectively in this environment as in croplands,
but (contrary to some opinions) depredations are not so great as to
justify much expense. The chief problem—and a serious one—stems
from rodent damage to seed in reforestation programs. Some years ago
a program of seeding Douglas fir on logged land on the Pacific Coast
had to be abandoned because forest rodents ate all the seed. The
hazard to pine seeds is somewhat less, but still important. Direct seed-
ing is usually an unsuccessful approach to the re-establishment of
conifers. Planting seedlings is too expensive in the present economy.
Some modification of seeding that would ensure adequate germination
and protect seeds from depredations is therefore desirable. Reduction
of rodent numbers over wide areas is both costly and temporary. Treat-
ments of seeds or the ground area around them with true repellents
have not fared well. Toxic seed coatings have proved effective, al-
though hazard is present. However, the use of seed coatings of endrin,
tetramine, or Compound 1080 at levels sufficient to sicken rodents but
let them survive (perhaps killing some) has provided an important new
approach to reforestation (Tevis, 1956). Once sickened, the rodent is
conditioned to avoid both treated and untreated seed. Leaving the
resident mouse population largely intact precludes an influx of non-
resident, unconditioned mice. (Small mammals have some value in
forestry as very effective predators of insect larvae in soil.) Learned
avoidance is perhaps a better term than repulsion; it is not a true
repellency, and there is some inherent hazard. Curiously, there is some
indication that young mice are somehow taught to avoid treated seed.
The effect of sickening thereby extends beyond the parent generation.
Neither the reliability nor the extent of this phenomenon is established,
but, if consistent, it will be significant in reforestation, Possibly future
work will emphasize nonlethal chemicals capable of inducing nausea
or other temporary ill effects, thereby reducing hazard.

There are two other kinds of manipulation that reduce access to de-
sirable plants on rangelands or forests. One is to remove, by chemical
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means, favored food plants, discouraging high numbers of herbivores
by destroying their food. This would be applicable to range pasture of
mixed plant species. The other is diversionary: adding easily available
supplementary foods at sites requiring protection. Neither of these
methods can be widely applied as mammal control measures.

Both electric barriers and ultrasonic sound may be termed “re-
pellent” in some situations, but neither is currently used in the field.

In review, acceptable mammal repellents depend on offensive taste
or sublethal toxicity. Deer and rabbits can be repelled by the former
means if cost can be justified. The depredations of forest rodents can
be effectively restricted by the second approach.

Repelling birds is difficult. Frightening devices are the most widely
used, but their effectiveness is limited. Numerous devices based on
noise or glitter have been tried, but they are effective only for short
periods at best. Frightening devices are sometimes ludicrous. The
painted sheet-metal “owls” that the city of San Francisco purchased,
for example, affected people and politics a good deal more than they
did pigeons. The broadcasting of recorded distress calls, as developed
by the Frings at Pennsylvania State University ( e.g., Frings and Frings,
1957; Frings and Jumber, 1954 ), has some merit. Here too, however,
birds usually become quickly acclimatized, though starlings can be
discouraged from buildings by these calls.

Seeds are sometimes treated with toxic chemicals to repel birds
(Meanley et al., 1956). This is better avoided because most such
chemicals depend on sickening birds, not truly repelling them. In gen-
eral, birds have a poorer ability to taste and smell than mammals;
hence, true repellency based on these sensations is not normally attain-
able. I was able, however, to reduce pheasant depredations on corn
with sublethal levels of lindane applied either to seed or to the ground
surface. Unfortunately the chemical concentration demanded exceeded
the cost of corn damaged. This could hardly be considered a fair ex-
change. Also, toxic hazards mounted directly as chemical concentration
increased.

The most promising approach rests on the visual acuity of birds.
Many kinds of birds are extremely sensitive to colors, shapes, and
textures. The only significant exploitation of this acuity is with colored
rodent baits. Whereas rodents are essentially color-blind and pay little
or no attention to the color of their foods, birds avoid unnaturally
colored foods. The greatest aversion by birds is shown to colors near the
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center of the humanly visible spectrum—yellow and green. Dyes ap-
plied to seeds should make them effective repellents in most instances.
The practical applicability of color repellents for birds was developed
by E. Kalmbach, former director of the Wildlife Research Laboratory
of the U.S. Fish and Wildlife Service (Kalmbach and Welch, 1946).
The idea was imaginative and has partially resolved the difficulty of
controlling field rodents while guarding birds. A movie with the engag-
ing title of “Birds, Beasts, and the Rainbow” has since been widely
circulated, and grain baits for rodents put out by state and federal
agencies are now normally colored yellow, green, or black. The im-
pression of safety, still largely current, is in part illusory. Dambach and
Leedy (1948) found that pheasants were attracted by some green-
colored “repellents.” The recent loss of ducks and geese.in the Klamath
Basin, in part from broadcast colored rodent baits, was heavy and
illustrates the fallacy of over-dependence on single safety margins.
More particularly, it was a warning that not all species of even a single
avian order respond in like fashion. I myself have found dead pheasants
and doves with yellow-dyed grains in their crops. Following aerial
distribution of colored 1080-treated grains over thousands of acres of
California forest, bird loss was more clearly documented than were
rodent losses (E. G. Hunt, personal communication). These qualifica-
tions notwithstanding, the approach is a good one. There is clearly a
need for more work on this subject.

In summary, these conclusions apply to the three major groups of
animals in which repellency is used as a method of pest control. Insect
repellents are not useful on a large scale in the field. Mammal repel-
lents, particularly as applied in reforestation, are somewhat hazardous,
but different chemicals could reduce this hazard. Repellents to reduce
bird depredations are generally ineffective, but colored grain baits for
rodents provide some measure of protection to birds. In all cases the
opportunities are great for further imaginative research. Many pro-
tective values can be served by an effective repellent.



10 - SUBLETHAL EFFECTS

Gﬂﬂh‘ﬂl measures, whether or not conducted with toxic chemicals,
have effects on surviving individuals. These effects may be slight or
marked, and they may be echoed in noticeable changes in the behavior
of populations. They may also affect succeeding generations.

It is curious that individual animals are commonly regarded as static
units, responding uniformly to any stimulus irrespective of time or
situation. The reason that animals for laboratory testing are reared
rather than caught as wild animals is to ensure homogeneity of popula-
tion or uniformity of response. Precise conclusions and predictability
should be the result. The fact that research workers in nutrition and
toxicology, for example, insist on large numbers of individuals per test
and replications of tests is evidence that neither result is fully achieva-
ble. Yet there remains a widespread emphasis on the static individual as
the measure of response. In pesticidal control tests the most notable
response of the individual is death. Transferred to populations, the
single, most widely employed measure is percentage of death among a
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known number. This measure is applied both in laboratories and in
nature. For a majority of applied biologists, death measurement satis-
fies the economic or regulatory goals intended.

The good biologist understands the continuum of growth in the aging
individual, the continuity of time and generation that is reproduction,
the “steady state” that physiological reactions seek to establish. He
knows the interacting relations among individuals of the same and
other species. He knows that populations are not simply additive
aggregates of the responses of the individual. And he knows that
adaptation in organisms is the end result of all these and more dynamic
processes,

With such awareness a biologist finds it inconceivable that changes
short of death induced by control measures are not both common and
important. This is a logical position, but one not considered in field
data. Most of the data available do not reflect subtle effects. Strong
dependence must therefore be made on information judged to apply
to field situations, until such time as more direct data become avail-
able.

There is no doubt that individual and population characteristics
change with changes in density. The basic cause is competition for
food, shelter, and mates. The extensive studies of David E. Davis and
colleagues on the rat populations of Baltimore clearly document the
relations among population density, social interactions, and reproduc-
tive performance. Christian’s general theory on population regulation
in mammals is based on endocrine changes and “sociopsychological”
phenomena (Christian, 1959). Implicit in the studies of Davis and
Christian is that changes in population size—from whatever cause—
produce profound changes in the physiological make-up and reproduc-
tive performance of individuals (Christian and Davis, 1957). Similar
changes occur in insect populations during alterations in abundance
(Wellington, 1960). The large-scale rearing of insects for mass release
as biological-control agents has repeatedly produced effects of this
kind.

The pertinent point here is that control measures causing reduc-
tion in numbers inevitably yield subtle sublethal effects on survivors,
whether or not the survivors are affected by control chemicals them-
selves. It is a profoundly important reaction, and one grossly under-
emphasized.

The various sublethal effects of toxic chemicals can be studied
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separately; I propose to describe them here in that way, adding only
that such a description is purely for convenience. The effects may be
categorized under vigor, behavior, growth, and reproduction.

Vigor

A vigorous animal is healthy and active, able to perform its necessary
functions satisfactorily. Vigor is a vague word and better described in
its components. There has been voiced the suspicion that the total well-
being—vigor—of desirable animals is undermined in areas under in-
tensive chemical-control regimes. Clearly, animals with acute poison-
ing symptoms, even though they survive, are not vigorous; there is a
reduction in the ability of such animals to perform in their natural
manner. I do not know of a single field study that offers confirmatory
data on population-wide depression of all normal functions. Perhaps
the nearest to true data is a composite conclusion derived from studies
of animal populations in the fire ant control area. In that instance,
however, the emphasis was only on reduction in population numbers
and interference with reproductive success. Questions still remain un-
answered concerning effects on viability, selection of “resistant” types,
altered physiological function, carcinogenic and mutagenic effects, and
so on. Effects of this character have been shown to occur under labora-
tory conditions. Their applicability to animals in the field, particularly
vertebrates, has yet to be shown.

Let me illustrate how they might apply. Chronic toxicity studies
show that viability can be reduced by continued exposure to sublethal
quantities of agricultural chemicals. Moreover, these effects may be
passed on to offspring. DeWitt (1956), for example, demonstrated that
sublethal amounts of chlorinated hydrocarbon insecticides in the diets
of adult quail and pheasants lowered the viability of the chicks. I do
not know of any demonstration that individuals initially surviving
chemical treatment of natural populations have shorter lives. But it is
likely, and I believe that it occurs.

Cell structure and behavior might well be altered by exposure to
toxic chemicals. Mutagens—chemicals capable of producing genetic
change—are common among hydrocarbons. There is abundant labora-
tory evidence that chemicals similar to kinds used in agriculture can
be mutagenic. Geneticists have, in fact, used them to produce experi-
mental changes in crop species. But I know of no data from nature that
mutagenesis has been induced by toxic chemicals.
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The same conclusions apply to carcinogens—chemicals that cause
unregulated cell reproduction, i.e., cancer. There are a number of agri-
cultural chemicals that are carcinogens under some conditions. An
example is the common miticide, aramite. The cranberry “scare” of
1959 was based on residues of the herbicide aminotriazole, a chemical
quite capable of producing cancer in laboratory rats at very high con-
centrations. Nonetheless, although it is possible, there is no evidence
that agricultural chemicals are carcinogenic under field conditions.

Similarly, regarding increased susceptibility to disease, altered meta-
bolic rates, and other effects that might be included under vigor, there
is presumptive evidence from the laboratory that they might occur,
but no conclusive evidence derived from nature. The general con-
clusion that the vigor of wild animals is unaffected by environmental
contamination by toxic chemicals reflects ignorance, not knowledge. In
the other categories—more specific components of vigor—the evidence
is somewhat more reliable.

Behavior

Behavioral changes following intoxication are rarely studied in the
field. It seems clear that surviving but affected insects frequently ex-
pose themselves to predation. I have observed this same phenomenon
in fishes exposed to chemicals. Herons, egrets, and gulls congregate
where fish are driven to the surface by the need for greater oxygen
supply. During poisoning campaigns, field rodents appear on the sur-
face, exposing themselves to predators (see, for example, J. J. Craig-
head, 1959)

The suspicion is strong that cholinesterase-inhibiting insecticides
produce sublethal behavioral effects of a new kind. Shellhammer
(1961) studied the relationship between cholinesterase levels in the
brain and learning ability in wild mice. Psychologists had previously
demonstrated that the ability of mice to learn was correlated with the
level of brain cholinesterase. Shellhammer depressed cholinesterase
levels 25 to 50 per cent in two genera of wild mice by injections of
parathion. After cholinesterase levels had returned to normal (usually
3 or 4 weeks ), he subjected the mice to a series of learning trials. In
essence, he discovered that once-poisoned mice had “forgotten” previ-
ous learning trials, had to be “retaught” the tests, and, moreover,
performed in these tests more poorly than unpoisoned animals or, for
that matter, than they themselves had performed before being poi-
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soned. A number of other behavioral changes occurred consistently.
He had in effect produced “dull” mice, even though by usual standards
of measurement they would have been pronounced normal. One won-
ders how spray operators, whose cholinesterase levels have on occasion
been shown to be reduced by comparable percentages, might perform
in test-retest situations.

Shellhammer’s work may be more than academic. Two Australian
scientists studied fourteen men and two women in whom mental aber-
rations appeared after prolonged exposure to organophosphorus in-
secticides (Gershon and Shaw, 1961). All persons were professional
users of insecticides. Three were scientists, eight were greenhouse
employees, and five were farmers. Of the sixteen, five had symptoms
like those of schizophrenia with marked delusions. The others were
persistently and severely depressed, and some had considerable mem-
ory loss, sleep-walking, and speech difficulties. When occupational
exposure to pesticides was withdrawn, all individuals recovered. None-
theless, clearly shown for the first time is the fact that pesticides can
cause temporary mental aberrations.

Weiss (1961) recently established that cholinesterase-inhibiting in-
secticides profoundly depress enzyme levels in fish, requiring a month
or more before return to normal levels. The pattern of response varied
with species. Weiss™ studies would form an excellent base from which
to study behavioral changes resulting from sublethal poisoning.

In a prior section I alluded to Tevis’ (1956) work describing the
change in behavior when forest rodents are exposed to sublethal
amounts of poisoned conifer seeds. After sublethal poisoning, the resi-
dent mouse population refused to eat any seed. Behavioral avoidance
of this kind is called “bait shyness,” and limits the efficacy of control
techniques which reduce rodent numbers. In this instance, however,
learned avoidance could be put to good use in reforestation. Un-
fortunately it has not been applied as widely as it should be.

Significant behavioral changes do occur in response to sublethal
amounts of toxic chemicals. Their general occurrence in nature is not
certain, but they are sufficiently well established in limited situations to
warrant further study.

Effects on Growth

In laboratory studies of chronic toxicity one of the standard measures
is rate of growth. A significant deviation from normal (usually a de-
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pression or slowing of normal rate) is interpreted as an important
consequence of continued ingestion of toxic chemicals. Common as is
this parameter in laboratory studies, I know of no study in the field
in which this measure was a central focus. There have been repeated
incidental observations in which was noted a change in the length of
time between developmental stages in insects.

Biological reaction to pesticides may be direct or indirect. In recent
years the importance of fertilizers and pesticides in altering the
amounts and availability of basic nutrients (particularly nitrogen,
potassium, and phosphorus) has been appreciated. The nutrient state
of host plants affects growth phenomena in insects. Nutritional effects
can be extended to changes in development rate, fecundity, and
mortality.

Accelerated growth in mites indicates that soil insecticides may in-
crease the nutritional value of host plants since it is known that mite
growth rates respond to changing levels of potassium, phosphorus,
and nitrogen contents of plants (Rodriguez, 1960). Some hormone
herbicides applied to plants increase reproduction in feeding aphids;
others increase mortality or reduce fecundity. C. A. Fleschner and
other workers at the University of California’s Riverside campus have
shown that DDT has a stimulative effect on mite populations, in part
nutritionally based. Rodriguez concluded that several kinds of herbiv-
orous arthropods benefit from an oversupply of nitrogen and that the
host plant can grow more profusely with the addition of insecticidal
and fungicidal sprays or soil insecticides.

Growth-regulating substances are particularly effective as herbicides.
They are not without effect on animals. Widespread outbreaks of
aphids in New Brunswick grain fields were associated with selective
herbicidal treatment with 2,4-D (Adams, 1960). This hormone reduces
the numbers of predaceous coccinellid (ladybird) larvae and adults,
the normal predators of aphids, by direct mortality of larvae, by
producing larval deformity, and by delaying the onset of pupation.

Vernon Applegate, instrumental in the successful development of
chemicals to reduce lamprey populations in the Great Lakes, noted in
a public address that the chemicals his group uses also hasten the
development of aquatic insects. If widespread. a growth stimulation
of this kind could have serious ecological repercussions.

Indirect sublethal effects of general consequence are probably nu-
tritional. An awareness of this importance is appearing in the literature.
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Currently little studied are those more direct effects on animals which
would seem to arise from chemicals of lower toxicity, particularly
those depending on growth alterations for control purposes. Both kinds
of effects have already precluded lasting benefit of pesticide treatments
in some instances. A conservative prediction is that sublethal effects
will become increasingly obvious, convincing, I would hope, even
doubting applied biologists that the responsibility for control methods

does not stop with the initial recommendations.

Reproduction

In a general sense almost all crop-growing practices influence the
ability of adult animals to reproduce and of young animals to survive.
The character of the agricultural environment and of the animals
ability to adapt to it are basic matters, but not the subject here. If
adaptation to a crop environment is assumed, in what manner do con-
trol chemicals affect the reproductive success of an animal population?

Pesticides may either enhance or inhibit reproductive success. En-
tomologists have contributed a number of observations describing
stimulatory effects on insect and mite reproduction. The effect has been
noted repeatedly in mite populations exposed to DDT. In a species that
does not react directly to the toxic nature of a pesticide, the cause of
increased fecundity is basically nutritional. At low levels, organic
pesticides and fertilizers provide a supplementary source of nitrogen,
phosphorus, and other nutritive elements. The usual pathway by which
these essential chemicals reach the insects is through the host plant.
The “vigor” of a plant is reflected in the well-being of the arthropods
feeding on it. More specifically, the amounts of several key nutrients
in plants have been shown to vary widely with the chemical regime
to which plants have been subjected (Fleschner, 1952, for example).
The reproductive ability of dependent insect populations has been
shown to be correlated with the chemical constitution of host plants.
The significance of such responses, although clearly established in in-
sects, is conjectural in vertebrates. The sole example of response in
vertebrates to changes in plant nutrition shows only indirect effects on
reproduction. This is nitrate poisoning among domestic herbivores
occasioned by alterations in nitrate and nitrite levels in plants through
the effects of herbicides and fertilizers. Neither a stimulatory nor a
depressive effect on reproduction from altered nutrition has been
demonstrated in wild species other than arthropods.
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Direct toxic effects on adult animals, in turn affecting reproductive
capacity, are a different matter. The continued ingestion of sublethal
amounts of pesticides has clearly led to depressed reproductive per-
formance in vertebrates. Stored residues of chlorinated hydrocarbon
insecticides tend to concentrate in reproductive organs (Genelly and
Rudd, 1956). Among wild species this unusual concentration has been
noted in gallinaceous game birds, in fish-eating birds, and in trout.
Fishes and birds in particular demonstrate insecticidal accumulation
in their eggs (see, for example, Moore, 1962). The best evidence for
reproductive suppression comes from controlled experiments with
game birds, but there is good evidence from the field that parallel
effects occur or are likely to occur.

The basic measures of reproductive success in birds are egg produc-
tion, fertility and hatchability of eggs, and viability of young. R. E.
Genelly and I (1956) conducted tests under controlled conditions to
determine the alterations in these components in ring-necked pheasants
as a result of sublethal ingestion of three commonly used insecticides.
There were two test groups, each fed a different level of chemical, and
one control group. Reproduction was affected in all chemically con-
taminated birds, in some only to a minor degree. Food consumption
and egg production were strongly correlated; not all contaminated
food was acceptable to the birds, which thus consumed less. Egg pro-
duction was significantly depressed by toxaphene or dieldrin. Lowered
fertility and hatchability in some groups were related both to in-
secticidal concentrations in eggs and to poor condition of adult females.
Initial mortality of young (of course, only that caused by insecticide
content of eggs was considered) was greater in all chemically con-
taminated groups than in control groups. Viability of young was af-
fected most by dieldrin and DDT. In composite terms, reproductive
success was 70 per cent in control birds, and about half that figure in
treated birds when all chemicals were compared. Recall that all doses
were calculated to be below lethal levels for adults. The observed
effects therefore had to come from storage and accumulation of in-
secticides in tissues of adult birds and in eggs. DeWitt (1956) showed
similar responses in quail and pheasants. An interesting observation
was that the fertility of eggs was slightly enhanced at low levels of
DDT contamination. A parallel condition has been noted in the
fertility of insect eggs.

Field evidence supporting the charge of suppression of reproduction



138 | Responses of Animals

in vertebrates by pesticidal chemicals is chiefly suggestive. Growth,
survival, and reproduction in wild species represent a biological con-
tinuum in animals that usually live not more than a year or two.
Perhaps the best method of limiting the subject for discussion is to
define “reproductive effects” quite narrowly. So limited, effects on
reproduction would be confined to pesticidal effects that are sublethal
to adults but may not be for young, and that result in a decreased
overall reproductive success in a given season. Excluded from con-
sideration by our definition would be mortality to adults during the
nesting season that results in nest failures and starvation of young
(Hunt, 1960; Wallace et al., 1961). Also excluded would be direct
mortality of young, as would be the continuing low numbers of popula-
tion following heavy mortality. All are in a broad sense reproductive
tailures, but would only complicate discussion here. The phenomena of
food-chain relationships and of greatly delayed effects from slow
accumulation of residues in tissue are reserved for later detailed presen-
tation (Chapter 20).

Given the above restricted definition, one must concede that evi-
dence of reproductive suppression in wild vertebrates is largely lack-
ing. Available evidence is indirect, fragmentary, and not always
logically applied (post hoc, ergo propter hoc). Let me list a few
situations in which reproductive effects are probable.

For twenty-five years A. H. Miller, one of the world’s leading
ornithologists, kept detailed field notes on birds at his resort cabin on
the shores of Clear Lake, California. He could not have known how
important his data would become in elucidating the complex sequence
of chemical transferral at Clear Lake. Miller was the first to note the
lack of reproductive success in the local breedin g population of western
grebes in the year following DDD application to the lake ( Miller, field
notes). In subsequent years large numbers of adult grebes in breeding
condition died. Only recently, three years after the chemical applica-
tions ended, has breeding been again successful among surviving
adults. There is no doubt in my mind that breeding in this grebe colony
was interrupted by initially sublethal effects of ingested DDD and its
metabolites.

A similar sequence probably explains in part the population declines
in bobwhite quail and other birds in parts of Alabama heavily treated
with heptachlor and dieldrin for fire ant control. Local populations of
quail declined in number beyond that for which adult mortality alone
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could account. Both wild and domestic turkeys very nearly failed to
reproduce at all. At one site, three hens laid fifty eggs of which seven
hatched; all seven died soon after hatching, Turkey populations on
nearby untreated areas reproduced normally. Throughout the area
ground-dwelling birds suffered highest mortality; it is probable that
reproduction in birds of this stratum would also be affected most
heavily (DeWitt and George, 1960).

Chemical suppression of reproductive efficiency has been suggested
to explain lowered numbers of young in woodcock. In this instance the
exposure was 1 pound of DDT per acre over New Brunswick forests
(Wright, 1960). It is also possible that woodcock on wintering sites
acquired tissue residues of insecticides that they carried back to breed-
ing grounds in the spring. The hypothesis gains credence when one
recalls that a good part of the woodcock in northeastern North America
winter in Louisiana, large sections of which have been heavily treated
with heptachlor.

There are other similar situations in which sublethal effects on repro-
duction are likely—in Dutch elm disease, Japanese beetle, and white-
fringed beetle control areas, and in areas in which seed treatment is
common. R. E. Genelly and I noted (Rudd and Genelly, 1955), for
example, mortality in pheasants in rice-growing areas where heavy
concentrations of DDT (20,000 parts per million) were placed on seed
rice.

The likelihood that heavy concentrations of pesticides in rice-grow-
ing areas will produce profound but subtle effects on reproduction has
been enhanced in 1961 by pilot investigations of the California Depart-
ment of Fish and Game (E. G. Hunt, unpublished). These studies—
which continue—center on ring-necked pheasants near Gridley, Cali-
fornia, where there are contrasting areas: one in which pesticides are
commonly used in rice and other crop production, and an adjoining
wildlife refuge where pesticides are not used. It is important to realize
that in this investigation pesticide residues and derived effects are con-
sequences of completely normal agricultural practices and that, inter-
rupted only by the need to sample wild populations, pheasants are
living under conditions normal to the area. Hens were shot at the nest
and the clutch of eggs removed for continued incubation at a game
farm or for chemical analysis. Chemical residue checks of fatty and
muscle tissues were made on 50 hens, 29 from the treated area and 21
from the nearby refuge or “control” area. Every hen contained DDT



140 | Responses of Animals

or its metabolite DDE. The amounts ranged from 19 to 2930 p.p.m.
(averaging 741.05 p.p.m.) from the treated area and from 0.4 to 7.2
p.p-m. (averaging 2.14 p.p.m.) from the control area. Although re-
spective values from the two areas were greatly disparate, contamina-
tion was general. Moreover, other pesticide residues were present.
Dieldrin was present in 37 samples in amounts to 48 p.p.m. Five other
types of pesticide residues were also present in tissue to some degree.
Egg yolks derived from normal clutches contained 1.9-406 p.p.m.
DDT and 0-1.31 p.p.m. dieldrin. Clutch size and fertility did not differ
between the two areas. But the mortality of young in the first four
weeks following hatching was 46.6 per cent in the treated area and
only 27.0 per cent in the control. The per cent of defective young from
eggs in the study area was 25.0 per cent, nearly twice that of the
control area (12.9 per cent). The increase in loss from deformities and
post-hatching inviability in pheasants in this area where heavy use of
insecticides is common practice is probably caused by transfer of resi-
dues from hen to young via the egg. More intensive work now under-
way will further clarify sublethal effects, formerly only suspected, from
completely normal pesticidal practices.

In summary, population declines may be brought about by an in-
crease in mortality rate (abundantly shown) or by a decline in the
birth rate (poorly shown). A number of dead animals found in a
treated area may indicate an increase in mortality, but the signs of a
decrease in birth rate are far less obvious. Despite the lack of clear,
abundant evidence for reproductive suppression under field conditions,
both laboratory and field studies strongly suggest that these effects
occur. Further careful investigations are certainly warranted.



11 - RESISTANCE TO INSECTICIDES

Nﬂ problem in pest and vector control is more important than that
posed by the development of resistance to insecticides. More than 120
of the some 5000 species of insect and mite pests on earth are now to
some degree less susceptible to control chemicals than they were fifteen
years ago. This seemingly small fraction not only is increasing to in-
clude more species, but also it unfortunately represents most of the
major insect pests and disease carriers. The phenomenon is not re-
stricted. It occurs throughout the world in urban, crop, farm, and marsh
environments. The Utopia envisaged two decades ago, with freedom
from insect pests assured by DDT, began to fade as insect resistance
appeared. Neither legislative nor chemical action could long confine
the astonishing adaptability of insects. A purely biological phenomenon
has done more to encourage a return to basic biology in pest control
practices than have all prior critics of chemical uses, whatever their
arguments.

At its simplest, resistance means that insects can no longer be killed

141



142 | Responses of Animals

by levels of chemical exposure that were once successful. In practice it
means that more chemical must be applied more frequently to achieve
the same control; if, for reasons of hazard or cost, higher rates cannot
be used, other chemicals or other methods of control must be sub-
stituted. Alternative methods are not always immediately available.
The problem can therefore' become more serious than it was before
resistance developed. To the research entomologist, resistance means
that the segment of a population able to withstand exposure to toxic
chemicals has enlarged. When this segment becomes a prominent frac-
tion of a population and resistance is continued in subsequent gen-
erations, whether or not further exposed to chemicals, a resistant strain
is formed.

The widely accepted meanings of resistance given above, whether
defined from the point of view of either the applied or the research
entomologist, do not give the causes. They are simply descriptions of
terminal effects, and do not give the necessary emphasis on the biologi-
cal basis for resistance.

Biologically speaking, the ability of insect populations to become
relatively resistant to insecticides should be understood as only a
special case of the far more general phenomenon of adaptability of
populations to environmental changes. This adaptability is a conse-
quence of the genetic variability of all sexually reproducing animals.
No species, race, or strain embodies only a certain type, a “norm.” An
individual organism never represents such a norm; it is rather the
carrier of a genetic constitution unlike that found in any other indi-
vidual. The processes of genetic segregation and recombination in-
evitably result in new genetic constitutions in each succeeding
generation. If an environment, whether natural or artificial, favors a
certain group of genes—a particular genetic constitution—the favored
group increases and tends to replace the unfavored. Insecticides are,
then, often merely agents that eliminate the more susceptible individ-
uals, which may encourage the increase of more resistant ones. Muta-
tions are necessary neither to this process nor for continuing change
to be the rule. The great number of recombining genetic possibilities
provide sufficient variation to maintain change. This sequence is not
the exception. It is the raw process by which virtually all evolutionary
change is achieved. In the development of insecticide “resistance” we
have had an opportunity to observe evolutionary change in an amaz-
ingly short period. Even what is termed rapid evolution requires time
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spans beyond a single human life expectancy. Only the ubiquitous
distribution of insecticides can explain their “strength” as intense selec-
tive agents responsible for world-wide change in the genetic make-up
of entire species populations in so short a time.

It should be emphasized that the term resistance as normally used
is applied only to the survivors of an exposed population. The rest of
the population has been killed. I must emphasize the word because too
many confuse resistance with tolerance. Resistance does not apply to
the ability of an organism to withstand exposure to increasing amounts
of chemicals during its lifetime. This is individual tolerance, and it
varies with individual, chemical, physiological state, and so on. In most
cases, individual tolerance levels are much below those in which re-
sistant forms can survive. I have heard the question: If insects can
become resistant, why can’t birds, human beings, or other higher forms
become resistant too? They might, over sufficient generations sub-
jected to like stresses. It should now be clear, however, that none of
us wants “resistance” under the conditions necessary to achieve it.

Although resistance is a consequence of a normal biological process,
the identification of resistant forms has not centered on general bio-
logical occurrence. Understandably, the resistant arthropods identified
thus far are all forms of some immediate importance to man. Resistance
probably occurs in nature in arthropods not so directly related to man’s
efforts to safeguard himself and his crops. Of the more than 120 species
of insects and arachnids that are known to have developed resistance,
about half are agricultural pests and the other half are arthropods of
public-health or veterinary importance (A. W. A, Brown, 1958 ). Iden-
tified by taxonomic groupings, 54 are Diptera, 23 Hemiptera, 16 Aca-
rina, 14 Lepidoptera, 6 Coleoptera, and the remaining 9 are thrips, fleas,
cockroaches, and lice. It is clear that resistance is broadly represented
among pest invertebrates. The numbers of aftected populations and
of species are continuing to increase.

The occurrence of resistance is related to the widespread use of per-
sistent insecticides in the twentieth century. It was first observed over
50 years ago, but only in the post-World War II period has it become
so widespread. The history of the spread of resistance is as follows
(A. W. A. Brown, 1958):

1908 Lime-sulfur on San Jose scale in apples
1916 Hydrogen cyanide on red and black scales in citrus
1928 Arsenic on codling moth in apples
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1935 Arsenic on ticks of cattle
1938 Hydrogen cyanide on citricola scale in citrus
1939 Hydrogen cyanide on flour beetles in grain
1942 Tartar emetic on thrips in citrus
Phenothiazine on screw-worms of cattle
1946 DDT on houseflies
1947 DDT on mosquitoes
1949 Parathion on greenhouse mites
1951 DDT on body lice
DDT on codling moth in apples
1952 DDT on mosquitoes (behavioristic resistance)
Pyrethrum on houseflies
1955 Parathion on houseflies
1963 Many insecticides and over 120 species of arthropods, and the recent
suggestion (1962) that vertebrates with brief generation spans too
may become resistant to insecticides.

This list identifies only the first occurrences of resistance to major
insecticides. Many species and environmental situations are not in-
cluded, nor are the complexities of cross-resistance shown. More than
30 species of major pests are resistant to DDT alone, and most of these
have some degree of resistance to related organic insecticides, whether
or not previously exposed to them. The acquisition of resistance to re-
lated insecticides in the process of achieving resistance to the primary
exposure is common. Such cross-resistance falls within three groups.
One includes DDT and its analogues, methoxychlor and DDD. The
second is dieldrin and the related chemicals, aldrin, endrin, heptachlor,
chlordane, toxaphene, and BHC. The third type of resistance is to
organophosphorus compounds, which can in turn be broken into sub-
types.

Resistance may not be maintained at the same level if chemical
exposure is withdrawn. Normally this is caused by the diluting effects
of matings with “wild type” individuals from surrounding populations
in which resistance has not developed. Although entire populations
may show decreased incidence of resistance, only rarely do once-
resistant insects return to original levels of susceptibility. Moreover,
from experiences in many countries with many insecticides it is clear
that resistance is re-established very quickly. In other terms, initial re-
sistance may require six to twenty generations of insects for first es-
tablishment, but its re-establishment upon second exposure will require
only three or four. The second exposure need not be to the same chem-
ical (Natl. Research Council, 1952).
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The specific factor which favors development of resistance is rarely
known, though a great deal of research work has been done to help
clarify the causes. The individual characteristics for three general
qualities influence insecticide resistance: physiological, morphological,
and behavioristic (Briejer, 1958). The first quality pertains specifically
to the biochemical capacity to render a poison harmless, a detoxifica-
tion similar to that performed (within limits) by the liver in verte-
brates. The second quality involves a physical attribute, possessed nor-
mally by some individuals in a population, serving to prevent ingress
of a chemical. A thickened cuticle is one example. The last quality may
or may not include characteristics which lead to resistance: It is an
avoidance of contact with an insecticide by some behavioral trait. Some
mosquitoes, for example, will not alight on treated surfaces, or they
might select new breeding sites or elect not to enter human habitation.
If the trait has been selected for by insecticidal treatment that has
removed a large segment of the population not showing this behavior,
the quality is as assuredly “resistant” as any physiological or morpho-
logical manifestation. The behavior of an individual is, after all, the
functional expression of all its component parts. If environmental inter-
actions of a new behavior pattern are emphasized, then we may
properly speak of “ecological resistance” as an extension of the newly
acquired behavior pattern.

In one sense it is possible to classify all resistance problems under
an ecological heading. Although the elucidation of precise mechanisms
normally comes from the laboratory, the significance of resistance lies
in nature. This significance is twofold—an illustration of the amazing
adaptability of insects, enabling rapid evolutionary change, and, prac-
tically speaking, a reminder that food production and disease preven-
tion are at base complex biological processes neither fully understood
nor comtrollable. We are not yet freed of our dependence on nature
or of the challenges it provides.

There are two corollary questions that are important enough to be
posed if not answered. Are insect forms other than pests becoming re-
sistant? And does an insecticide-resistant population have the same
density (numbers per area unit) as an unresistant one?

Regarding the first question, several species of laboratory insects
have, ot course, been subjects of induced resistance. There has been
a little effort to select for resistance in beneficial predatory insects
prior to their release as biological control agents; it is possible to do so,
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but not practical. There is only the suggestion that crop insects other
than pests can become resistant. The possibility has not been investi-
gated either for its occurrence or for its exploitation. In short, the
question referring to arthropods can be raised but not answered.

Very recently, however, a group at Mississippi State University has
offered strong evidence favoring the likelihood of insecticide resistance
in vertebrates (Boyd et al., 1962, 1963; Vinson et al,, 1962). Studies
there centered on cricket frogs (Acris) and mosquito fish (Gambusig)
living in ditches, ponds, and bayous adjacent to heavily treated cotton
fields. DDT has had a long history of use on these fields although
toxaphene, methyl parathion, and endrin are also commonly applied.
Twelve aerial applications of pesticides per growing season are not
uncommon and high toxicity from drifting sprays has been attested
by occasional mass mortality of vertebrates ranging from fishes to water
birds. Survival of cricket frogs and mosquito fish in such an environ-
ment led to experimental testing with DDT, clearly confirming that
these organisms indeed had an unusual capacity to survive in contam-
inated waters lethal to individuals without prior exposure. Moreover,
cross-resistance to aldrin could also be shown even though aldrin had
not been applied to nearby cotton fields. Presumably, intensive selec-
tion for genetically adaptable fractions of total populations occurs
among these fishes and frogs in ways completely comparable to those
among arthropods.

The answer to the second question is “no.” It should be added, how-
ever, that the reasons for greater abundance of resistant insects are
not always clear. And, further, that in a few situations quite the reverse
is true. A population increase in resistant forms may occur because
of more successful reproductive performance (related to greater
vigor ), or it may occur because of release from natural controlling fac-
tors. While many earlier studies showed little or no differences in fecun-
dity between resistant and unresistant strains, more recent work shows
that egglaying is greater in some resistant strains (Gratz, 1959). The
earlier studies dwelled on DDT resistance. Dieldrin resistance par-
ticularly seems to be responsible for greater reproductive success. The
matter is not settled. In general, it would seem that most resistant
strains have no particular added vigor (reproductive potential as one
expression of it) but that variation occurs ranging from poorer to
greatly enhanced reproductive success. The many observed increases
in population numbers of resistant strains are probably not due to
enhanced vigor or reproductive performance.
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The point should be made that the effects of insecticide treatment
range well beyond the target species. Accordingly, greater numbers
of a resistant insect population must derive not so much from an in-
herent advantage but from insecticide effects on nontarget species
normally competing with or preying upon the resistant form. Release
from natural limitations of numbers has been repeatedly shown in in-
sects of agricultural and medical importance (see Chapter 21). Let
me reinforce this with a few examples from public-health programs
(Gratz, 1959). In Zanzibar, bedbug, flea, and chicken-mite populations
increased following dieldrin spraying, In Southern Rhodesia, bedbugs
resistant to BHC, DDT, and dieldrin increased to numbers not pre-
viously known in the area. In Phoenix, Arizona, resistant houseflies
emerged in much greater numbers from dieldrin-treated privies; the
reason seems to be the elimination of a highly susceptible competing
species of fly whose presence normally renders privy contents unsuit-
able breeding places for houseflies. A. W. A. Brown (1958) calls atten-
tion to increased housefly production in Liberia, Nepal, Saudi Arabia,
Japan, Sicily, Sardinia, Egypt, Kenya, and Tanganyika following spray-
ing. So the list grows; the problem is world-wide.

I do not know how far effects of the kinds described above can be
extended to so-called natural populations. Moreover, the processes
establishing insecticide resistance and the resultant ecological con-
sequences are consequences of biological phenomena. Where exposure
to insecticides occurs, profound effects in nature can be predicted.

The occurrence and importance of insecticidal resistance in insects
can be summarized as follows (see also Fay, 1959):

The numbers of resistant species and their areal distribution will con-
tinue to increase.

Resistance results from continued exposure of insects to toxic chem-
icals; it occurs in a wide variety of insects and is induced by a wide
variety of chemicals.

Resistance is associated most frequently with persistent chlorinated
hydrocarbon insecticides; where nonpersistent chemicals yield resist-
ance, it derives from frequent applications.

Resistance to one insecticide frequently confers some measure of
resistance to other related insecticides, even if there has been no ex-
posure to them.

The resistance phenomenon is the most important biological limita-
tion to successful insect control

Emphasis on persistent insecticides for pest eontrol is slowly being
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withdrawn, and a partial return to basic sanitation, cultural practices,
or biological control is under way.

Resistant insects generally do not have any greater vigor than un-
resistant ones, but their numbers per area unit are frequently greater.
This is associated with adverse effects of treatment on competing or
predatory forms normally limiting numbers.

There is no knowledge of the development in nature of resistance
in nonpest insect species, and only recently has resistance been iden-
tified in fishes and amphibians.

Far more facts from the field are required to assess the full sig-
nificance of resistance phenomena. Nonetheless, insecticide resistance
as presently revealed presents a dismal forecast for the future use of
chemicals in large-scale insect control programs.




12 - HUMAN HAZARDS

’_[:13 aim of pest control is to benefit man—to protect something of
value to him. Man devises the control schemes and manufactures and
distributes the chemicals necessary in these schemes. He must also
protect himself from harm from the chemicals he uses in pest control.
The values he maintains and the desire for self-protection put him in
a quite different category from the other organisms described through-
out this book. He therefore justifies a special treatment as instigator of
the practices that both benefit and harm him.

I do not intend to discuss pesticide hazards to human beings at great
length (see also Chapter 10). Our self-interest is reflected in thousands
of papers pertinent to human hazards. Some excellent reviews have
appeared, and these should be consulted. I have referred particularly
to those of J. M. Barnes (1958) and of W. J. Hayes (1959, 1960), which
are characterized by great scope and excellent technical familiarity
with public-health matters. I should add, however, that, where judg-
ments of values are concerned, the views of these or other reviewers are
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as vulnerable to debate as anyone’s views. The word “expert” must
be reserved for technical mastery.

Human beings are better protected from pesticide damage than are
other living things. The instruments of legislation, education, and
morality assure that. In a statistical sense man is reasonably well pro-
tected from the direct effects of his own inventions. The doubts about
safety, repeatedly raised, are of two kinds: concern over that fraction
of individuals who accidentally come into direct contact with toxic
chemicals; concern over the consuming majority who continually ingest
low levels of insecticide contamination in their foodstuffs. For the
moment I am exempting from discussion the small fraction of individ-
uals who argue for no chemical control of pests whatsoyer.

Direct exposure to toxic levels of chemicals is chiefly accidental.
Only in rare instances is exposure intentional. A number of suicides
(and a few homicides) have chosen agricultural chemicals to accom-
plish their ends. Some of these chemicals are eminently suitable. Para-
thion, for example, has been used many times for suicide in Germany.
The greater number of illnesses or deaths are not intended, and arise
chiefly from carelessness or ignorance.

In households, adults may unknowingly ingest contaminated food
or children gain access to stored pesticides or to the empty containers
in which they came. Parathion and thallium, as examples, have both
caused death from their presence in flour. An entire family became ill
after consuming spinach brought in a jute bag formerly containing
parathion; the spinach itself had been free of insecticides. Accidental
death of children has been reported many times. Particularly respon-
sible are rodenticides and organic phosphate insecticides stored in
easily opened or breakable containers. One child, for example, died
after drinking from a Coca-Cola bottle in which parathion had been
stored. A girl died after breaking and spilling part of the contents of a
bottle of TEPP on herself. Another died after playing in a large empty
container that had held parathion dust. Gross carelessness and igno-
rance are as much the causes as the pesticides themselves. Exposure of
this character continues to occur, and can perhaps always be expected.
In the United States about 150 deaths a year are attributed to pesti-
cides. In one year (1956) almost half were due to the “older” pesti-
cides, arsenic and phosphorus. In that year only 35 of the total number
were linked with the newer synthetic compounds. The Public Health
Service agencies and poison information centers in the United States
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do all possible to regulate and educate against hazards of this kind.
The World Health Organization, through its Division of Environmental
Sanitation, assembles published instances of illness or death from pesti-
cides throughout the world. From these reports it is clear that the
problem has no national boundaries, but that the extent to which a
people appreciates the toxicity of pesticides correlates with the in-
cidence of poisoning.

Occupational exposure is much more likely to produce illness or
death from pesticides than is accidental exposure. Each year hun-
dreds of cases are recorded throughout the world. Most instances in-
volve appliers who through carelessness or ignorance fail to heed or
understand precautionary recommendations. Men working in the
manufacture or formulation of pesticides are trained to avoid hazard;
accidents are therefore seldom in these exposures.

Accidents among spray operators have mounted as the use, variety,
and distribution of pesticides have widened. Tempting as it might be,
the increase in accidents cannot be laid on the doorsteps of illiterate
native peoples. California, for example, where pesticides are used in
greater volume and variety and where their use is more closely regu-
lated and observed than in any comparable area on earth, has experi-
enced a striking increase in poisoning incidents. Almost 500 cases of
poisoning with farm chemicals were reported in 1957. The greater
number were caused by exposure to organic phosphate insecticides.
Only one instance in that year was fatal—a “swamper” died within five
hours of washing out an airplane previously used to apply demeton
(Kleinman et al., 1960 ). In more recent years the rate of poisoning has
increased. Occupational poisoning from agricultural chemicals in Cali-
fornia more than doubled in the years 1957 through 1959 ( Calif. Dept.
Publ. Health, 1961). Almost 1100 cases were reported in 1959. Of
those, almost half were systemic poisoning, by far the greater percent-
age (8L.7 per cent) caused by organophosphorus insecticides. Par-
ticularly vulnerable were Mexican braceros, seasonally imported to
work in California fields. On several occasions entire crews of men be-
came ill from residues of parathion, Thimet, and phosdrin. Poisoning
of this kind must be checked in large part through education and care
in handling chemicals. Instruction, however, is not enough; much more
needs to be learned about the decomposition and manner of exposure
of applied chemicals before correction can be complete.

The agricultural aircraft industry is particularly subject to pesticide
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injuries. Poisoning is in fact the largest single hazard of the industry,
and its importance is rising with each passing year.

A certain fraction of injury can be expected where pesticide use is
common. Ignorance is at the root of it; theoretically at least, injury
rates can be reduced through education. Reduction is less likely with
illiterate peoples whose funds are inadequate for proper application
of chemicals and adequate safeguards. A Mexican peon who cannot
read cannot be protected by labeling precautions.

In many countries the conditions under which pesticides are ap-
plied are primitive, and great risks in pesticide applications are in-
herent and assumed. At the same time, in those countries the need for
heroic measures in pest control is abundantly clear. The antimalarial
campaigns, by themselves, have succeeded in relieving human misery
to a degree unprecedented in history. Whatever qualifications one
might make regarding the hazards of pest control, one must concede
that the risk incurred must relate to the need. In those countries the
need is great; it compares in no way with the indulgent requirements
of an affluent people as found in the United States.

The question of the significance of residues in foodstuffs has brought
forth a national controversy in which large segments of the public and
several state and federal agencies have found themselves at odds.
The argument rests on several conflicting elements:

Some individuals, for convenience grouped as “organic farmers,”
want no use of agricultural chemicals; their emphasis is on natural
control.

Some chemical and agency representatives have overzealously pro-
moted pesticide use.

Excessive amounts of chemical residues have on occasion been found
on foodstuffs.

Pesticides have on many occasions killed bees, domestic animals, and
wildlife. -

Governmental control campaigns are believed by many to be too
single-minded; insufficient emphasis has been accorded to the total
effects of pesticide use (for example, in the fire ant control campaign ).

The rapid increase in the use of toxic chemicals, coupled with their
known potential for harm, has not been paralleled by the equivalent
increase in hazard research and inspection activities.

An atmosphere of apprehension has been created among many

people by “scare” publicity.
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Some unanticipated responses to chemicals have further increased
apprehension (for example, accumulated contamination by several
stable chemicals in tissues; rises in levels of residues in soil and streams;
in short, a wider exposure to residues than expected).

Not all the foregoing can be considered directly pertinent to the
question of harm to human beings from residual chemicals. Yet in all
major investigations these subjects are intertwined. They were present
in the Delaney Committee and later congressional hearings, the legal
action against the gypsy moth control campaign on Long Island (the
so-called DDT trial), the two special governor’s committees ( Wiscon-
sin and California), the investigations in the fire ant control cam-
paign, and the deliberations of the National Research Council (see
Chapter 5).

Not all of these ingredients of controversy can be weighed equally,
nor can all be reduced to factual appraisal. As a means of making a
general appraisal, let me pose what I consider to be four fundamental
questions, and reply with short opinions of present status.

Do foodstuffs become contaminated with residual pesticides? Yes,
they do, but occurrence depends on the type of foodstuff, its manner
of production, and to some extent the region of the country from which
it came. The amounts are usually at trace levels, well below residue
tolerance levels set by the Food and Drug Administration. Excessive
levels—that is, those exceeding legal tolerance limits—occur rarely,
and are normally the result of failure to follow precise recommenda-
tions for application. The only important exceptions occur in milk and
in the fatty tissues of meat animals. By law no residues can be present
in milk; yet sampling reveals consistent contamination of marketed
milk, usually in trace amounts (see Chapter 13). The contaminants
are usually chlorinated hydrocarbon insecticides, most of which are
not now recommended for use around dairy barns. Surviving residues
from former treatments, the almost universal presence of DDT, the
teeding of contaminated forage, or violations of use must be held re-
sponsible. Contamination of meats arises mainly from feeding con-
taminated forage. Probably more often than not, residue on forage is
not suspected. Residual contamination of foodstuffs can be readily
transferred to human tissues. In one study ( Laug et al, 1950) the
average of DDT in the milk of twenty wet nurses in a Washington,
D.C., hospital was found to be 0.13 part per million; none of the
women was occupationally exposed to DDT. The average concentra-
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tion of DDT in human fatty tissue has risen steadily over the last 15
years; in 1963 the figure stood at 12 p.p.m. Those with occupational
exposure to DDT tend to have higher concentrations. The ubiquity of
DDT residues in foods is the reason. In one random analysis of typical
restaurant meals, all contained DDT. The average meal contained 0.2
p.p.m. (Walker et al.,, 1954). In short, most meals and most human
beings contain pesticide residues.

Are residues in foodstuffs a significant health hazard to human
beings? The answer is perhaps debatable. Most reviewing authorities
say “nol” A minority argue not only that present residues in human
tissue are damaging, but that their presence may be linked to certain
pathological conditions. Hayes (1959) contends that no important
pathological changes can be associated with DDT residues in human
tissue, and that insecticides, properly used, are not the cause of any
disease either of man or of animals. He places the amounts of residue
demonstrated to be present in typical meals at about one one-hun-
dredth of the amount necessary to produce questionable liver changes
in rats. Dr. Hayes fed human volunteers relatively great amounts of
DDT daily for over a year without manifest pathological effects.

The amount of DDT and its metabolites in the fat of persons without
occupational exposure in the United States has risen steadily in the past
fifteen years. Hayes (1959) estimated the average amount to be be-
tween 5 and 6 p.p.m. in 1958. In 1963 the amount stood at about 12
p-pm. Recent studies in England and Germany show an average con-
centration of 2 p.p.m. Dieldrin has recently been found in the fat of
residents of southern England. It is quite likely that dieldrin as well as
other chlorinated hydrocarbon residues will be found to occur widely
among Americans when appropriate samplings are made (Kennedy,
1963 ).

My personal judgment is that present allowable residues in food-
stuffs have not demonstrably caused ill effects of general distribution.
‘Some individuals may be particularly sensitive to these residues, but
establishing any link between these sensitivities and pesticides has been
most difficult to do. Similarly greater susceptibility to disease has not
been demonstrated. Nonetheless, hazard from ingestion of residues
over very long periods is yet to be assessed. Should residues increase
generally, any hazard would be magnified. Moreover, there is now no
escape from these residues for most of the population. It would be
somewhat more than embarrassing for our “experts” to learn that sig-
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nificant effects do occur in the long term. One hundred and eighty mil-
lion human guinea pigs would have paid a high price for their trust.
A serious moral question has yet to be answered. Have we the right
to insist on free choice between residue-contaminated and uncon-
taminated foods? The current “residue” legislation in effect says “no!l”

Are present governmental agencies able to monitor residue levels
properly and to guarantee continuing conformity to safety standards?
Not adequately, I think. I indicated earlier that “use experience” is
strongly depended upon by manufacturers and regulatory and recom-
mending bodies. Implicit in this dependence is the ability to detect
violations or new patterns of residue distribution. The inspecting agen-
cies are poorly manned for these tasks. There is, moreover, a tendency
to treat low-level contamination rather lightly if enforcement would
be difficult. This applies particularly to the producers of milk and
other animal products. Countering this tendency is a general tighten-
ing of recommendations for chemical-application procedures, stem-
ming largely from possible condemnation of products and from public
censure. This is notably true in the agricultural experiment stations
within the last three or four years. They are held legally liable should
a recommended procedure result in residues exceeding established
limits. Nonetheless, although conservative forces have recently come
into play, an increase in residue contamination ealls for much more
inspection. A doubling of inspection personnel and residue research
workers would seem justified at present.

Is a judgment of no present hazard to human beings from residual
chemicals applicable to other forms of life? The answer is definitely
“no!” Production and marketing of foodstuffs are well-understood
processes. “Residue management,” to coin a term, is currently inade-
quate, but, at least in time, some measure of understanding of levels
in foods and their effects on human beings will be forthcoming. But
there is only a meager understanding of the cumulative effects of resi-
dues in soil, of the amounts and the avenues by which chemicals escape
from treated areas, of the amounts present in living organisms and the
pathways by which these organisms concentrate and transfer residual
chemicals, of the chemical transformations undergone in soil and in
living things. It seemed to me curiously paradoxical that the Governor's
(California) Special Committee on Public Policy Regarding Agricul-
tural Chemicals (Mrak, 1960) could, on the one hand, conclude that
no unmanageable residue problems existed and, on the other, recom-
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mend eleven points calling for more stringent administrative controls
or stepped-up research efforts. With one of the committee’s recom-
mendations—a proposed Ecology Research Center—I can most heartily
agree. It is, however, tacit recognition that “environmental sanitation”
—a large part of which is concerned with residue chemicals—is an area
requiring a great deal of further study.



IV. THE RESPONSES OF ENVIRONMENT
TO CHEMICAL CONTROL






13 - PESTICIDE RESIDUES

Tma chemicals used to control agricultural insects are normally di-
rected to the leaf surfaces of plants. A good portion, of course, misses
the plant and is deposited on the surface of the ground. More is added
to the ground surface by runoff from the plant. Still more is added
from some pesticides applied directly to the soil. Any surface spray
application will therefore contact both plant and soil surface. Rainfall
or normal cultivation carries some of the applied pesticidal material
into the soil itself. Without regarding natural dynamics, we can expect
pesticide contamination to occur on the plant itself, on the surface of
the ground, and in the top few inches of soil. Except for deeper-rooted
trees and shrubs, the entire plant structure in a treated area—from root
tip to meristem—falls within the contaminated zone.

The chemical mixture falling upon the plant or ground forms a de-
posit whose presence is necessary for pest control. This deposit does
not normally retain its original character for long. Change in the deposit
comes about as it is acted on by living systems and by the physical effects
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of heat, light, and water. The remainder of the transformed deposit is
that to which I have repeatedly referred as a residue. The residue itself
may contain reduced portions of the original toxic ingredient, metabolic
derivatives of this chemical, physically transformed derivatives of quite
different chemical structure, and surviving portions of the solvent and
diluent carriers of the original material. The very wide differences in
chemical responses to the even wider variables of nature preclude any
precise definition of the word “residue.” As will become clear, the
chemical nature of residues, their impingement on living systems, and
the particular meaning they have in relation to our subject intertwine
to create an extremely difficult set of problems. Next to insecticide
resistance, no problem of chemical pest control today has more sig-
nificance.

All pesticide compounds in common use produce residues that sur-
vive for noticeable periods. The persistence of some may be for only
a day or two; others, depending on soil, plant, and weather conditions,
can survive ten to fifteen years or more. Both the value and the hazard
of pesticide chemicals lie with that fraction of the residue that is toxic.
With a chemical such as TEPP the toxic fraction may survive for only
a day or two. Its residual value as an insecticide is therefore limited to
this period. The control of hazard for this time depends on preventing
access to the residue, For a short-lived chemical, essentially total success
in preventing contact is feasible; beyond a few days—perhaps to three
weeks—control of hazard is less successful. Toxic residues surviving
more than a few days can create serious difficulties, There is no current
indication that the problem of strongly persistent residues can be ade-
quately resolved.

In most instances residues on foliage or on the immediate target do
not have pesticide value for more than two or three weeks. Exceptions
to this are in two categories: the “systemic” chemicals, which depend
on delayed action, either chemically or physiologically, for their pesti-
cidal value; and those most stable chemicals that lose their primary
structure only slowly and are accordingly pesticidally active for long
periods. In the first class are the hormones, herbicides, systemic insecti-
cides, and, by easy latitude of definition, the anticoagulant rodenticides.
The first two depend on translocation of the original material to a new
site within the plant, where the desired effect is achieved. F requently,
derived chemicals of unknown identity are actually responsible for the
result. The anticoagulant rodenticides are only exploitations of chronic
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toxicity—of the value of multiple exposures no one of which would
produce death. In the second class are many of the chlorinated hydro-
carbon insecticides in common use and most rodenticides used away
from dwellings. The best known of the insecticides are aldrin, DDT,
dieldrin, endrin, heptachlor, and toxaphene. Strychnine, thallium, and
Compound 1080 are the best known of the stable rodenticides. Residual
insecticides have a particular value in the control of disease vectors and
soil insects. The word “residual” is not normally applied to rodenticides,
but their stability equals or exceeds that of the so-called “residual” in-
secticides. The most serious hazards to man or animals come from this
second category of exceptions.

The first critical aspect of residue hazard is the survival time of stable
chemicals in soils or on surfaces. This is normally described by a per-
centage of loss or “disappearance” over a period. A convenient expres-
sion is the residual “half-life,” which describes the time required for
half the residue to disappear under normal conditions.

TABLE 16

Residue half-life values of a few commonly used, persist-
ent insecticides (from Gunther and Jeppson, 1960)

Chemical Crop type Half-life (days)
DDT Citrus 50
Peaches 11-15
Alfalfa T
Dieldrin Citrus 60
ﬂpp[es 6
Peaches 6
Parathion Citrus 78
Apples 36
Alfalfa 2

A few half-life values (in days) for persistent insecticides on foliage
or fruit are shown in Table 16. This abbreviated table indicates the
wide variability with crop type that occurs in the survival time of spe-
cific insecticides. A list of this kind is valuable to marketers, who must
avoid excessive residues on products for sale. It is, however, grossly
misleading. First of all, it says nothing about where the residues go or
what other chemical compound they may form. Secondly, it assumes
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that the rate of disappearance is equal throughout residual life—which
is by no means true. Thirdly, it is based on single values during single
growing seasons. Fourthly, and most important, it gives the impres-
sion that these common chemicals are relatively short-lived. In other
situations their residual lives can be much longer. There is a common
tendency among agricultural specialists to consider a specific residue
problem resolved when marketing standards can be met. Biologically,
however, this approach resolves rather little.

More important is the residual reservoir provided in the soil. A large
part of this reservoir has been derived from the overlying foliage and
has been added to the amounts already in and on soil. It is the life of
these residues with which we are most concerned. In general, residual
chemicals persist much longer under the foliage than on it. Although
fractions do indeed “disappear,” repeated applications, more frequently
than not, restore these missing fractions and add more to them. A
build-up of amounts of the residues of stable chemicals in soil has
become the rule in crop soils, Moreover, the soil ultimately provides
the source from which transformation of chemicals takes place. Not
only do amounts of residues increase, but their structure changes. These
alterations are not always in the direction of chemicals of lesser tox-
icity. The limitation of marketing standards in assessing residue hazards
is not better illustrated than by these changes in amount and nature,
Chemical transformation is not confined to the soil; biological processes
arrange for further transformation.

We can divide the question of survival of residual chemicals in soils
into two categories: rate of breakdown or disappearance from soils, and
build-up or accumulation of chemicals in soil. We can then logically
proceed to the next questions: What happens to chemicals in soils, and
how can they be transferred from their sites of deposition?

The Survival of Residues in Soil

The disappearance rate of chemicals should be calculated following
single exposures. Otherwise repeated treatments obscure the actual rate.
Since most treatments are repeated, it is sometimes necessary to esti-
mate rather crudely what the total amounts applied have been and
then make annual assessments of residual amounts, from which an ap-
proximate rate of disappearance can be made.

DDT, BHC, chlordane, dieldrin, and heptachlor last for long periods
in soil. Plots treated experimentally with the unusually high amount of



Pesticide Residues ] 163

100 pounds of DDT per acre in 1947 had a residue of 28.2 pounds per
acre in 1951. If we assume annual decrements to be equal, this is an
average yearly loss of about 18 per cent of the total or about 27 per
cent of the residue remaining for each year (Allen et al., 1954). After
3 years BHC applied at 100 pounds per acre was reduced by about
half, an annual rate of disappearance of about 20 per cent. Fleming and
Maines (1953) reported a loss of about 10 per cent per year over 8
years in areas heavily treated with DDT for Japanese beetle. Lichten-
stein (1957), in a study involving 14 orchards, reported a recovery of
26.6 per cent of the total amounts of DDT applied as sprays for a 10-year
period. MacPhee et al. (1960), in a five-year study, placed the re-
spective average annual losses of DDT and BHC at about 12 and 16
per cent. Lindane and aldrin residues in loam soils did not survive as
well; respectively, after two and one-half years, only 10 and 3 per cent
were detectable. The possibility of alteration of aldrin to dieldrin could
not be checked for no dieldrin analyses were made (Lichtenstein and
Schultz, 1959a ). No heptachlor was recovered from soils treated 9 years
previously, but the conversion product—heptachlor epoxide—was pres-
ent at about 5 per cent of the original application rate. Under the same
conditions, 15 per cent of a single chlordane application was detect-
able after 12 years (Lichtenstein and Polivka, 1959). In the fire ant
control-program area, 12 per cent of a single application of granular
heptachlor was recoverable in soil after 6 months ( Barthel et al., 1960).
Heptachlor is expected to be insecticidally active in this program for
three to five years.

Other studies could be cited, but those above establish that sev-
eral common chlorinated hydrocarbon insecticides do in fact exist for
long periods in soil. Judgments based on residues on marketed food-
stuffs give an erroneous impression of the longevity of these chemicals.
Even the organic phosphate compounds normally thought of as “non-
residual” will survive in small amounts for several years ( H. P, Nichol-
son, 1962).

The fact that residues do survive is compounded by addition of
chemicals in repeated applications, leading to accumulations of residues
in soil. Accumulation is particularly important because it can be a
hazard to plants growing in treated soil and because it renders more
likely the transfer of toxic chemicals out of soil by animal carriers or
by physical action.

The increase in soils of arsenic residues resulting from heavy re-
peated doses of arsenical insecticides has been observed for a half-
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century (Boswell, 1952). Accumulations of residues reached astound-
ing levels in some crop soils, Levels were particularly high in soils
beneath orchard trees and in soils dedicated to cotton culture. Almost
all residues were confined to the top few inches, and established plants
whose roots penetrated well below the cultivated layer showed little
or no effects of these excessive amounts. However, vegetable crops
fared poorly in soils heavily contaminated with arsenic, as did cover
crops in orchards. Efforts to replace old orchard trees with young
usually failed. Attempts to re-use orchard lands to produce cereal,
forage, or vegetable crops proved economically disastrous over wide
areas. The problem pyramided with increasing resistance of insects to
arsenicals, and, particularly in apple orchards, this resulted in heavier,
more frequent arsenic applications. This pattern was particularly
marked in the Pacific Northwest, where some areas had accumulated
amounts up to 1400 pounds of arsenic trioxide per acre. Legume crops
became progressively poorer; alfalfa and beans often died on high-
arsenic tracts although they thrived on immediately adjacent sites that
had no spray residues. Several years of natural leaching and chemical
decomposition were required before such common crops as rye, po-
tatoes, tomatoes, beans, and peas would grow acceptably well. The
steadily increasing rates of application resulted in amounts on mar-
keted fruit that finally became inacceptable. Great Britain would not
buy American apples. The hazard in arsenic accumulations ran the
full gamut from soil to marketed product, and led, deplorably slowly,
to major changes in the production, processing, and marketing of
fruits and vegetables. Economic losses were staggering to growers
farming land on which accumulations were excessive. The effects were
widespread and occurred over many crop types, and only after many
years have the residual effects been ameliorated.

Arsenical insecticides are now used much less commonly. The ex-
perience with them over three decades, however, set the pattern for
current residue studies and legislation. The appearance of DDT in 1945,
followed in rapid succession by several other stable insecticides, lessened
the problem with arsenicals but initiated a new set. Insecticides have
never been emploved so widely as in the last decade. Those used in
greatest volume are also stable and accumulate in soils. The best known,
of course, is DDT, and it provides an excellent example of the pro-
pensity to accumulate in soils.

The possibility of DDT accumulation in soils from spraying is more
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likely in orchards and with crops where the green plants are turned
under and incorporated into the soil after each harvest, as is general
with potatoes and sweet corn (Ginsburg and Reed, 1954). In apple
orchards, for example, soils may accumulate 30 to 40 pounds of DDT
per acre annually. In one study of 12 apple orchards, DDT, after six
years of use, ranged in pounds per acre from 35 to 113 under trees and
from 26 to 61 between trees. In corn soils the average DDT found was
11 pounds per acre, ranging from 5 to 19. Potato soils averaged 7 pounds
per acre. A cranberry bog contained 34.5 pounds of DDT per acre.
Values of this kind have been recorded in many situations. It is reason-
able to conclude that accumulations will be the rule when crops are
treated repeatedly with stable insecticides.

Accumulations do not seem likely in most forest-insect control op-
erations or in any crop situation where application is not unduly great
or frequently repeated. Thus, residual toxicity following single or infre-
quent applications derives from the inherent stability of the chemical
or its breakdown products. One might wonder, however, about several
special cases in which treatments are relatively infrequent but in which
application rates are high. Current examples are provided in the cam-
paigns to control Japanese beetle, imported fire ant, white-fringed
beetle, and Dutch elm disease. These control programs call for high
doses of chlorinated hydrocarbons (dieldrin, heptachlor, aldrin, or
DDT) intended to survive for long periods and not uncommonly re-
quiring retreatment at annual intervals,

The Alteration of Residues in Soil

Although residues in soil do not normally penetrate far belowground,
insecticide application to the surface is normally followed by movement
of some residues belowground through rainfall and other natural forces.
Downward movement is aided by cultivation, and in some practices it
is the rule to plow or disk under a surface application. The preponder-
ance of residue accumulations appears to be confined chiefly to the top
one foot of soil, and within this depth most residue is found within the
cultivation layer (4 to 6 inches). In the fire ant control program most
heptachlor residues have been found within the top inch of soil ( Barthel
et al., 1960). It is clear that humus layers fall within the zone in which
most residues occur. Adverse biological reactions that follow residual
soil contamination can usually be traced to these few inches of upper
soil layers. It is from here that both plants and animals acquire tissue
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residues, and from here that residues are carried off by runoff or irriga-
tion waters. In other terms, while residues move into soil from the sur-
face, they do not penetrate deeply enough to obviate biological hazard.

It has been generally assumed that disappearance of residues from
soil results from chemical breakdown into nontoxic components, from
erosion and dissipation, or from hinding with soil elements. Actually,
little attention has been given to the ultimate disposition of soil residues.
Most concern has been directed toward the surviving toxic fraction of
the parent chemical. A new phenomenon has shaken dependence on
this simple measure. Breakdown or conversion products have been
found to be more toxic than, or to complement the toxicity of, the parent
residue. The best known cases are the two chlorinated hydrocarbons
—aldrin and heptachlor—so widely used in grasshopper, Japanese
beetle, and fire ant control campaigns. Millions of acres have been
treated with these compounds, which in nature are converted to more
toxic derivatives.

Several years ago the conversion of aldrin in soil to the more toxic
dieldrin was first noted. This chemical change has since been repeatedly
confirmed (Gannon and Bigger, 1958; Lichtenstein and Schultz, 1959a)
and found to occur widely. Aldrin itself disappears rather rapidly
from soil, but its conversion products remain. One study showed that,
after several years, six to twelve times more dieldrin than aldrin could
be recovered from aldrin-treated soil. Dieldrin formation peaked at
about two months, and its residues degraded at a slower rate than
aldrin.

A similar picture can be drawn for heptachlor. Conversion to its
more toxic epoxide has been confirmed repeatedly. This disturbing
consequence led to the establishment of a zero tolerance for heptachlor
residues in foodstuffs. Heptachlor is not an uncommon insecticide. The
widest single use of heptachlor was in the fire ant control program, in-
cluding several million acres. At the initially recommended rate (2
pounds per acre) applied to the soil surface, 12 per cent of the insecti-
cide remained in the top inch of soil six months after treatment. This
percentage was made up of two and one-half times more of the con-
version product—heptachlor epoxide—than of heptachlor (Barthel
et al., 1960). The epoxide, incidentally, is far more toxic to the fire
ant than is the parent chemical.

Wide-scale use of both aldrin and heptachlor had been made before
this conversion phenomenon was discovered. Application rates, hazard
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precautions, and residue tolerances had been based on the primary
chemical. None of the original recommendations should logically be
continued in force.

The Transfer of Residues from the Treated Area

In many places throughout the text, reference is made to mortality
or lesser effects, of which contaminated soil and plants can be traced
as the primary source. Broadly speaking, the vehicles for transport and
secondary contamination may be classed as physical and biological.

Toxic residues are carried primarily by water from a treated area to
an untreated area. The chemicals need not be dissolved. Contaminated
surface-irrigation water and rain runoff have been shown to transport
stable chemicals from land into streams and ponds (Nicholson ef al.,
1962). The usual indication that such transport is taking place is fish
deaths. DDT, toxaphene, heptachlor, aldrin, dieldrin, and endrin have
all figured in this kind of loss (fifteen streams in northern Alabama
polluted by cotton insecticides, entire watersheds contaminated by
DDT in forest-insect control, heptachlor leached off into farm ponds
in the South, endrin carried into ponds by rain, and so on). Less no-
ticeable effects must occur, but are seldom studied. The U.S. Public
Health Service has begun direct measurement of chemicals in major
streams in the United States (Tarzwell, 1959). DDT to levels of 0.02
part per million was found in the Mississippi at New Orleans. Trout
from Rocky Mountain streams far from sprayed areas had DDT in
their tissues ( Cope, 1961 ). Marine fish frequently show residues (Ken-
nedy, 1963). No one can say precisely where these residues came from.
Pesticide residues have turned up in other unexpected places. Col-
lection of several species of waterfowl from north of Great Slave
Lake in Canada—over 500 miles from the nearest known insecticide
applications—revealed residues in almost half the adult birds analyzed.
All duck eggs tested (four clutches from incubating scaup) contained
residues, averaging 2.2 p.p.m. of DDT and metabolites ( George, 1963).
It is probable that the amounts of residues will increase, and it is prob-
able that we will continue to be surprised when we find them. The
Miller Bill allows a certain amount of residue to leave the land on food-
stuffs. It cannot well regulate other routes by which residues leave the
land, except by reducing the amounts which are applied to the land.

More important than the physical is the biological path taken when
residues leave the area of their deposition (Entomol. Research Div.,
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1959; U.S. Fish and Wildl. Serv., 1962). The possible pathways are so
numerous and varied as to make classification difficult, They are, more-
over, complicated by differing values and by the jargon of specialized
fields. Let me outline the main routes of residue transfer, emphasizing
that the categories are not mutually exclusive. Many of the categories
are sufficiently important to justify detailed treatment in other chap-
ters; these chapters are identified by references within the correspond-
ing section.

SINGLE-LINK RELATIONSHIPS IN BIOLOGICAL TRANSFER

Incorporation of residues into plant tissues—Some residues are in-
tended to be circulated throughout the plant, as follows the use of some
herbicides and the systemic insecticides. Other insecticides may be-
come distributed generally throughout the plant but are not applied
for this purpose. Most either adhere adventitiously to the outer sur-
face or, if absorbed, are incorporated into particular sites near the sur-
face. The root hairs and the waxy cuticles of fruits such as apples and
citrus are favored sites of concentration. Only adventitious adhesion
to the surface can be removed by cleaning.

Direct animal contact with contaminated soil and plants—Animals
may contact toxic residues on plant or ground surfaces and in soil.
Physical contact with contaminated surfaces results in chemical assimi-
lation primarily through dermal and respiratory routes of entry (for
example, mortality among ground-dwelling birds in the fire ant control
area ).

Ingestion of plant foods containing residues can result in poisoning
symptoms (the usually observed result, such as wood pigeons or ducks
dying from ingestion of treated seeds) or low-level storage in tissues.
Many animals carry residues in tissues below symptomatic levels
(arsenic in orchard birds; DDT and aldrin in waterfowl).

Symptomatic expression of low-level contamination may be de-
layed until adverse environmental stresses give them significance. The
toxic threshold depends not only on amounts of residue but also on
physiological state. An example is delayed mortality in trout (with-
out increase in tissue residues),

MULTIPLE-LINK ( FOOD-CHAIN) RELATIONSHIPS
IN BIOLOGICAL TRANSFER

Biological carriers of residues.—This type of transfer involves two or
more carriers and may be expressed in several different situations.
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(1) Secondary poisoning (see Chapter 19): Ingestion by animals
of poisoned animals results in secondary contamination, possibly lead-
ing to death, to effects on their young, or to storage of residues in tissue.
Secondary poisoning is common with rodenticide use (coyotes and
carnivorous birds eating poisoned rodents) and probably occurs more
commonly than noted among fishes and birds that consume poisoned
insects. The poisoning of young birds through storage in eggs of resi-
dues derived from parental residues is well documented.

(2) Long-distance carriers: Chemical analyses of migratory birds
have revealed just how far residues can be taken from the land where
deposited. Waterfowl frequently contain residues of one or more
chlorinated hydrocarbon insecticides in their tissues. Sampling to date
has shown this kind of contamination to be more common among water-
fowl at localities where mortality was also observed (U.S. Fish and
Wildl. Serv., 1962). Woodcock in New Brunswick forests during the
breeding season have been shown to contain heptachlor and its epoxide
in tissue (average 0.18 p.p.m.), which could only have been obtained
on their wintering grounds in Louisiana (within the fire ant control
area ). It is probable in most instances that the source of residue was
contaminated food animals (biological carriers).

(3) The human case—residues on marketed foodstuffs: Most ani-
mals have narrower food predilections than human beings. Residues
may be present on a wide variety of plant and animal foodstuffs. The
relationship may be simple, as in the case of direct consumption of
contaminated plant foods. Residues may be adventitious, the remnant
fraction not removed by washing or processing; or they may be in-
corporated into the waxy or oily parts of plants, in which case washing
does not remove the residue. In most cases any residues are in trace
amounts. There is a likelihood of greater residues in animal products.
The domestic-animal link interposed between contaminated plant and
human ingestion allows storage and accumulation of residues. Residues
may be present in the meat, milk, or eggs of the carrier. Residue levels
in meat or milk often exceed legal tolerances. In one survey, for example,
60 per cent of some 800 milk samples randomly collected throughout
the country were found to contain residues of chlorinated hydrocarbon
insecticides; by law, none can be present (Clifford, 1957).

The human being is normally the end of a food chain; fortunately
rather little use is made of human tissue. As noted in Chapter 12, how-
ever, residues do accumulate in human tissue and in human secretory
products, The processes differ little from those in domestic mammals.
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The significance of these residues to the human carrier or to nursing
children, if transmitted, is conjectural, but their presence is well estab-
lished and seemingly unavoidable.

Biological concentrators of residues (see Chapter 20).—I have al-
luded to the transferral of residues from soil to plants, to consuming
herbivores, to carnivores, and, finally, to the secretory products of
mammals. Stable chemicals may be carried along this food chain, with
or without increase in residues. Living organisms may, however, both
store and increase ingested residues in their tissues, and yet, at accu-
mulated levels, not seemingly suffer harm to themselves. Algae, earth-
worms, and fishes are examples. We may term these “nonresponsive
concentrators.” If a food chain contains a direct series of nonresponsive
concentrators, a point will inevitably be reached at which concentra-
tions will mount to levels inducing response. Thus far only warm-
blooded animals have been demonstrably killed through this chain of
events. The “warm-bloods” also store and increase amounts of residues
in tissue, but, unlike earlier concentrators in the series, they do respond
to the increasing concentrations of toxic residues, We may call these
animals “responsive concentrators.” Wholesale mortality has resulted
from this sequence. The concentration potential inherent in the trans-
fer of chemicals through a succession of trophic levels can be appre-
ciated only by the ecologically oriented person who is fully aware of the
complex animal relationships leading to the succession of concentration
levels. (For amplification, see the accounts in Chapter 20 describing
this phenomenon in the Dutch elm disease program, in the control of
the Clear Lake gnat, and in the fire ant control program.)

It has been my purpose throughout this chapter to show that legis-
lative and advisory preoccupation with pesticide residues in marketed
foodstuffs grossly distorts the entire residue problem. No one of us
wants less protection against contamination of foodstuffs, and a good
many of us want more. But residue legislation is leveled only at mar-
keted foods, and specialists and advisers maintain the curious illusion
that current recommendations actually control residues. Limitation of
concern to the edible, processed fractions of plant and animal tissue
ignores these facts: the soil receives more contamination than do plants
growing on it; a biological product can be produced only in a living
community; crop plants and their residues are transitory, returning to
the soil after a growing season; residues are by no means confined to
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their sites of deposition; animals are capable of transporting residues
away from a treated area (sometimes thousands of miles); residues
can be stored and concentrated in living tissue, sometimes yielding
profound effects. In brief, residual contamination is general, and ex-

posure is a good deal more complicated and extensive than is usually
conceded.



14 - CHANGES IN THE BIOLOGICAL LANDSCAPE

Tle occupation of land by civilized man has always led to profound
changes in biotic composition. The simplest of these changes is the re-
duction in numbers of native species directly inimical to his interests.
The large predatory mammals have been totally eliminated by man
wherever the terrain has been suitable for his habitation. Extinction or
near-extinction has also been the result among many native species ex-
ploited as food or sport. The heath hen, bison, and passenger pigeon are
examples. A few native species have adapted remarkably well to the
new environments created by man, increased in numbers, and widened
their distributions. Deer, coyotes, opossums, blackbirds, and Colorado
potato beetles are examples. In all these cases the likelihood of spatial
or numerical change depends on the biological adaptability of the
particular species. Some are favored; most are not.

On the other hand, introduced species normally find themselves with
a particular advantage not shared by their native counterparts. In a
biological sense this derives from a lack of the competitors that usually
172



Changes in Biological Landscape | 173

reduce their numbers. The term “balance of nature” describes a dy-
namic equilibrium of the biota in which both species content and num-
bers fluctuate little and in which any major change is gradual. Human
exploitation reduces the number of species, creates environments favor-
ing the multiplication of a few, and leads to rapid changes in the biota.
Under these conditions, introduced plants and animals freed of their
normal checks on increase become even more abundant and more wide-
spread in distribution.

The Colorado potato beetle, for example, normally associated with
wild species of Solanum in the Rocky Mountains, shifted its preference
to cultivated potatoes, became more abundant, and made its way to
the eastern seaboard, following the route provided by intensified cul-
tivation. On its eastward trek it became sufficiently common to qualify
as a pest. Nonetheless, its depredations in this country never equaled
those that followed its establishment in Europe. There it continues to
be one of the most serious pests of the European continent. Only a slight
change in the cast of characters and in geographic patterns gives us
such destructive insects as the Japanese beetle, European corn borer,
and gypsy moth. Plants also share this pattern. Some 15 million acres
in the Rio Grande Valley, once lush grassland, are now occupied by
mesquite (Carter, 1958). Within recent memory, excellent grazing
land has been reduced to poor, largely through the abuse of over-
grazing. The pattern is by no means limited to south Texas; millions of
acres in other sections of Texas and in neighboring New Mexico and
Arizona have followed the “primrose” path to lesser utility, In a life-
time the rangeland of California, once dominated by native perennials,
has become composed largely of annual grasses of Mediterranean
origins. A large part of range “management” is an attempt to restore
perennial species. Cactus in Australia or South Africa, lantana in Hawaii
or Rhodesia, Klamath weed in California or St. John’s wort in Australia,
and gorse in New Zealand typify the introduced plant species that have
spread, become established, and increased their numbers sufficiently
to be labeled “pests.”

Man has not depended on native crops for his sustenance. His food
plants are also introduced, Being greatly changed from their ancestral
character by selection, they are no longer subject to the natural processes
that render them able to compete effectively with other plants and ani-
mals, The practices of planting large areas with single species of plants,
in either agriculture or forestry, and of encouraging greater plant growth
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through cultivation, irrigation, and fertilization create especially favor-
able environments for species that also find these conditions favorable.
Man is responsible for the conditions in which pests flourish. By far the
greater part of pest control is directed toward correction of imbalances
of man’s own creation.

Imbalances may be the logical derivatives of necessary practices,
or they may come from ignorance. Whatever their source, they are
intensified by modern agricultural practices and the ease of present
transport. It is not my purpose here to dwell on the effects of man on
environments. An interested reader should refer to the excellent sum-
mary volumes of Elton (1958), Darling (1955), E. H. Graham (1944),
and Thomas (1956). In the present context I must emphasize a ter-
minal point of view., Perhaps a series of topical questions, some of which
have already been discussed in other connections, will illustrate the
position of pest control in relation to biotic change. Does pest control
accentuate the existent trend toward simplified biological environ-
ments? Does it aid in the dispersal of pest organisms? Are we presently
reducing desirable species of plants and animals to extinction through
pest control? Are we unknowingly producing changes in biotic make-
up over large areas? Or, in still more topical terms, are we producing
“biological deserts"? Is plant control on roadsides and utilities rights-of-
way a hazard to the native biota?

One might pose other questions. The answer to all those above is a
qualified “yes.” But answering questions of this character in precise
terms is impossible.

The first limitation is one of values. The majority of people neither
pose the questions nor worry about longer-range consequences. Among
the minority who do, there exists a conflicting set of values. On the
one hand, the extraordinary thoroughness with which man ( particularly
European man) has pursued his exploitation of environment has resulted
in a material standard unparalleled in man’s existence. The pattern
continues to spread throughout the world and is looked on by most
peoples as desirable and progressive. On the other hand, the ecological
domination by man should be attended by moral responsibility toward
nature. An enriched “way of life” includes more than the material stand-
ard we are capable of achieving. Moral responsibility does not solely
rest on preservation of objects of beauty, curiosity, or sport. The “eco-
logical conscience” (after Aldo Leopold) also includes the responsi-
bility to keep in being the productive sources on which continued
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material well-being depends. In the minds of many of us there is doubt
that the thoroughness of man is matched by his wisdom. Conservation-
ists can call to mind hundreds of examples that raise this thought from
the realm of doubt.

The second important limitation is technical. We have few good
measures to establish the significance of ecological change. Those that
we have are too rarely used in practice. Change is clearly seen, but we
become alarmed only when declines in productivity or in favored spe-
cies become irreversible (or nearly so). We do not have the knowledge
(or the wisdom) to predict the long-range consequences of our exploi-
tation. We can depend on historical examples of man-induced extinc-
tion for object lessons; these are useful in substantiating the conviction
that for continued welfare man and environment must live in harmony.
But history offers no examples of the rapid changes that modern tech-
nology has enabled.

Nor can we be depended upon to use knowledge wiselyl Kuenen
(1961) noted that “. . . a rational analysis soon teaches us that irrational
factors govern many of our actions even today.” The knowledge on
which we must depend for wise programing in ecological management
should come from scientists who are aware of the complexity of the
problem. Most often, studies—even good ones—are imperfect in that
small fractions of a problem are studied, and rarely is an attempt made
to link these fractions with the entire problem. Too many scientists to-
day thus limit themselves, The reasons are many; a few are offered here.

Many scientists are single-minded, not concerned with large concepts
or integration of facts from widely diverse disciplines. Academic train-
ing is in part responsible, as is the degree of specialization within sci-
ences. The manner of organization of many biological “service” divi-
sions of government contributes much to this limitation. Research in
these agencies is usually short-term, limited to immediate problems,
confined to the fraction judged to be economically significant at the
moment, strongly conditioned by special-interest pressures, and in any
event inadequately funded. It is small wonder that scientists in agencies
cannot generally be looked to as sources of the information and full-
spectrum appraisals required in ecological management.

There is, perhaps, a more serious charge that can be made against
scientists who are able and free to make the studies we desperately
need. Particularly in the United States, few eminent biologists are at-
tracted to the study of ecological problems of social significance. “Dis-
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turbed” areas are not sought for study. Seemingly overlooked is the
fact that little now remains undisturbed by man. Grave social decisions
rest upon our comprehension of man-caused ecological disturbances.
The best minds should be turned to concentrate on it. That some change
in this attitude has recently taken place is attested by the volumes I
previously cited. The authors of those works are pioneers in an intel-
lectual land requiring full settlement.

Further change is attested by the recent activities of both state and
federal agencies. At both levels of government, appraisal committees
have been formed to examine the ecological and other hazards of pesti-
cides. The Governor’s Committee on Pesticide Residues in California
is one example. Another at the federal level is the President’s Scientific
Advisory Committee report on pesticides. The Congress too and the
National Research Council have made appraisals limited to certain
phases of man-induced changes caused by pesticides. Even so, only
beginnings have been made, The extent to which modern man modifies
the environment he occupies has not yet been fully appreciated.

These explanatory comments may seem to beg the questions I have
posed. They are offered to orient a reader unfamiliar with the general
state of studies in field biology. They also amount to an apology that
precise answers of general application are not possible.

Does pest control accentuate the trend toward simplified biological
environments” Yes, but in most biological categories it has yet to be-
come the primary cause. Only among predatory mammals has pest
control been a major reason for reduction in numbers or extinction.
Among pest insects no native species to my knowledge has been re-
duced to extinction. Very few insects—all introduced—have been elimi-
nated from large areas. Examples are Anopheles gambiae in Brazil,
Mediterranean fruit fly and screw-worm in Florida, and date palm scale
and Khapra beetle in California. Reduction of numbers is frequent,
sometimes nearly to the point of extinction, but the cause is normally
found in aspects of man’s presence other than deliberate control. Bio-
logical control, by its nature, reduces the numbers of individuals but
enriches species representation. Potentially, chemical control is capable
of producing effects on the biota as profound as the habitat changes
brought to bear by the presence of man. In limited crop situations it
already produces great changes. I shall illustrate in detail the character
of these changes in animal numbers and species in a later section (see
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Chapter 21). Herbicides abet the maintenance of monocultures in agri-
culture and forestry. Westhoff and Zonderwijk (1961) consider, for
example, that about one-third of the plant species in the Netherlands
are threatened by rural use of herbicides. The drive for “technical effi-
ciency” accounts for the success of herbicides in eliminating competing
species from cereal and forage crops. Selective herbicides can effec-
tively create single-species stands in forest plantations and on range-
lands. There is no evidence that soil treatments with pesticides accom-
plish anything but temporary alleviation of high numbers; cultivation,
of course, can eliminate an animal species locally. In summary, pest
control does contribute to biotic simplification through reduction in
numbers and shifts in species domination. These are its purposes. But,
with the exception of large mammals in populated areas, no native
species of plant or animal seems to have been eliminated by pest control
practices per se.

Does pest control aid in the dispersal of pest organisms? Yes, but in
a spatially limited way. Organisms that survive and adapt to pest con-
trol procedures become reservoirs of dispersal. Trappers believe that
aggressive control campaigns have selected for wilier coyotes that are
extending their range. Bait shyness in rodents and pesticide resistance
in arthropods result in adapted populations able to re-invade or to es-
tablish populations in new areas commensurate with their innate ability
to disperse. The greatest potential reservoir of dispersal is in arthropod
species, once uncommon, that became abundant following the use of
insecticides (because of removal of competing insects by nonselective
chemicals). There are to my knowledge no quantitative studies of the
extent to which these new populations have dispersed. There is, of
course, abundant evidence that changes in habitat can lead to widened
distributions of animals and plants.

Are we presently reducing desirable species of plants and animals
to low numbers or extinction through pest control? 1 have answered
this in part under the first question. Emphasis in this context must be
on value—on what “desirable” means. Since most species are consid-
ered valuable by someone, the answer is “yes.” The coyote, now un-
common in some areas, is often regarded as a valuable aid in rodent
control, as well as a picturesque representative of the fauna of the
American West (notwithstanding the attitudes of livestock producers
and their supporting governmental agencies). As a more pointed ex-
ample, the fulvous tree duck, it is believed, will be in serious danger
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if the practice of treating rice seed with aldrin and other toxic chemi-
cals is continued within the bird’s limited range in the United States
(U.S. Fish and Wildl. Serv., 1962). Numbers of peregrine falcons and
other raptorial birds have declined markedly in recent years in parts
of Great Britain and northern Europe. Systematic analysis of both flesh
and eggs of raptors has commonly shown significant residues of chlori-
nated hydrocarbon insecticides (Moore and Ratcliffe, 1962 ). Several
common species of birds in Great Britain seem to be declining as well.
The presence of insecticide residues in tissues of many of them has been
established. But it is not yet possible to affirm that insecticides are a
primary mortality factor (Moore, 1962 ). Repeated reference has been
made to losses of insects beneficial in natural control. In the majority of
cases, however, the cause of decline in native species must be ascribed
primarily to land use and not to pest control.

Does pest control produce biotic changes over large areas? Are we
producing “biological deserts”? Yes; pest control, where it assists in
simplifying habitats, accomplishes these things. Chemical control re-
duces the numbers of some desired faunal elements, but very rarely
eliminates species. In a few instances there is the strong suggestion
that, if continued, present patterns of control, involving repetitive treat-
ments over large areas, will lead to permanent depression of both num-
bers and species of birds. An example is the loss of insectivorous birds
in areas of Dutch elm disease control by DDT. Where repeated treat-
ment is not the rule, permanent depression of numbers seems unlikely.
The recovery powers of most species are sufficient to ensure this. Un-
common animals are exceptions. The decline in numbers of the bald
eagle is a case in point. Their numbers are rapidly declining, and recent
field sampling and feeding experiments very strongly suggest that
slowly accumulating pesticide residues have contributed to the drop in
numbers ( DeWitt and Buckley, 1962; George, 1963 ). Pest control can
also lead indirectly to loss of species. It is conceded, for example, that
mastery over the tsetse fly will free large areas of central Africa for
human occupation, which, gauged by experience, will lead to the ex-
tinction of many unique large mammals now found there. In the not-
too-distant future, techniques will be available to permit this mastery.
Local successes have already begun the sequence.

Is plant control on roadsides and utilities rights-of-way a hazard to
the native biota? Yes, in the sense that species composition is always
altered. The advantages in maintenance are clear. Egler (1958) notes
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that the rights-of-way of the utility corporations alone comprise an
acreage greater than all six New England states combined. Unquestion-
ably the increasing demands of transport and communication will lead
to greater acreages modified for easy maintenance, Alterations of this
magnitude cannot be taken lightly. Rights-of-way are not private lands.
Many interests and values are served by them. Their proper manage-
ment should be a concern of an entire citizenry.

I conclude then that changes in biota are inevitable consequences of
intensive land use, that fewer species are present in lands thus altered,
and that pest control is normally only a secondary instrument in biotic
change. Pest control does produce change, but its usual result is a tem-
porary reduction in numbers, Lest it appear from these conclusions that
I do not regard pesticides to be a source of major biotic change, I must
offer these qualifications, I have attempted to make general conclusions
of the widest applicability. In more restricted ways (though often in-
fluencing millions of people), biotic changes caused by pesticides are
profoundly important. These changes are, after all, major preoccupa-
tions of applied biologists, public-health workers, and conservationists.
Hazards to human health and to desirable forms of life, while perhaps
not producing immediate biotic changes, should nonetheless be con-
sidered part of the general problem. Moreover, my general assessments
are based on traditional pest control practices, We have barely begun
to see patterns of influence that we can term nontraditional. Mass spray-
ing with nonselective chemicals is only in its infancy; intensive, large-
scale, monocultural agriculture and forestry have only begun their
probable courses throughout the world; the transferral of insects and
diseases from one area of the earth to others must inevitably accelerate,
however impressed we might be at the moment with current devices
for preventing it; current evidence for the manifold ramifications of
pesticide influences in living environments gives only a hint of their
tuture significance; rapidly accelerating numbers in human populations,
out of harmony with their food supply, must lead to desperate meas-
ures of pest control; more fortunate peoples will increasingly demand
higher quality and productivity of foods and fibers, simultaneously in-
sisting on more protection for wildlife, waters, parks, and preserves.
Without question, the significance of pesticides as inducers of biotic
change will become magnified in the next decades.






V. ECOLOGICAL RELATIONSHIPS
AND CHEMICAL CONTROL






[:uriﬂusly obscured in an era of technological domination is the fact
that one living thing depends for its existence on another. Man derives
needed energy and pleasures from living things. The goal of crop, live-
stock, timber, and wildlife managers is the effective channeling of en-
ergy from living things into useful products. Pest control at its simplest
ensures the well-being of man by protecting his person and by inhibit-
ing those living competitors that would take from him what he wants
and needs. It follows, therefore, that both the productive and the pro-
tective phases of man’s relationship with other living things form a
continuum of complex interactions among living things; the scientific
study of these relations is ecology.

Empirical manipulation of ecological relations to yield ever-increas-
ing advantage to man has been the established pattern over many
centuries of experience, Scientific application of ecological rules with
the same goal in mind is new. Already it is yielding a great deal, and
promises much more; applied ecology has only begun to make its con-

183



184 | Ecological Relationships

tributions. Some of its contributions may be more easily recognized
if the component disciplines are identified. Here are the most impor-
tant: forest biology, range management, wildlife management, soil sci-
ence, economic entomology, plant ecology, conservation, human ecol-
ogy. Each of these disciplines is represented by professional societies,
agencies in government, and departments in universities. The fragmen-
tation into specialty disciplines does not alter the fact that all are con-
cerned with the same biological continuum. Linking them all is an
inescapable web of ecological unity. The ecological approach to utiliza-
tion of living resources provides the only sure route to continued safety,
productivity, and pleasure. Successful pest control measures always
have at base an understanding of the natural relationships of the pest
species in question.

The importance of this ecological foundation is not as widely ap-
preciated as it should be. In the present context there are two clear
reasons why that is so. One is the recent origin of the formalized sci-
ence of ecology. Younger still are the management disciplines loosely
grouped under “applied ecology.” More information and synthesis are
required before these disciplines reach full status. Secondly, the im-
pressive achievements of chemical technology in recent decades have
clouded perspectives among many applied biologists. Commonly, biol-
ogists had come to think that their problems were chemical rather
than biological. This inverted perspective led to practices in which
chemical agents became not precision tools wisely and sparingly inter-
calated into living systems, but sledge hammers which indiscrimi-
nately affected large elements of these biotic systems. Ideally, to
paraphrase A. W, A. Brown (1951), a chemical weapon in biological
systems must be used as a stiletto rather than as a scythe.

My purpose here is not to present a general ecological accounting
of man’s impingement on the living environment. Rather, it is to de-
scribe those biological relationships that most cogently show how pests
result from crop-production practices and how pest control methods
telegraph effects beyond the target species.

Thus limited, ecological relationships in pest control are of three
kinds. The first concerns the changes in environment that result in the
creation of large numbers of damaging animals and plants. In general,
crop and forest land management results in reduction in total numbers
of species previously present and in the creation of conditions favor-
able to excessive multiplication of the few species that can adapt to
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the new environment, The second relationship involves the need of
all animals for suitable foods. The maintenance of uninterrupted food
chains free of chemical residues is essential to the welfare of most ani-
mal species. The third category deals with population balances, and
is more narrowly concerned with the changes in the numerical rela-
tionships of species following reduction in numbers of a target species.



15 - THE CREATION OF PESTS

P&ﬂts are organisms that, individually, can produce personal harm
or that, as populations (the individual having little meaning), deprive
us of something we wish to keep for ourselves. Success in pest control
is measured by how well we approach full protection of person and
property. Too often overlooked is the fact that the word “pest” has no
biological meaning. A pest species is subject to the same ecological
rules governing the survival of any other form of living thing, What
we choose to label “pest” may merit the appellation only because we
have ourselves altered its normal distribution, numbers, or relationship
to other living things. Thoughtful pest control depends on understand-
ing the extent to which man’s living requirements favor certain species
of animals and plants. Methods to manipulate the favored habitat ad-
versely are often revealed through this understanding, and, as impor-
tant, comprehension of natural relationships allows recognition of the
point at which nonbiological means of control must be interposed to
assure continuing advantage to man.

186
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Three concepts underlie the practical consideration of pest creation
and aggravation by man-caused disturbances of the biological environ-
ment. These are the community concept in ecology, the simplification
of biotic communities, and the derived consequence—the concept of
plant and animal weeds.

The Biotic Community

The community concept in ecology is a formal recognition that liv-
ing things are not randomly associated. Natural assemblages are easily
identified by their appearance and distribution. Sophisticated analyses
are not necessary to confirm that grasslands, conifer forests, rain forests,
woodlands, savannahs, and tundras, with their associated faunas, are
natural groups. Their continuance depends on the physical contribu-
tions of soil and climate and the biological conditioning that accom-
panies any occupation of land. Given static conditions, the biological
community remains stable. Over time, instability is the rule. In the
short range, instability results from cataclysm, examples of which are
such diverse forces as hurricanes and forest clearing by man. Over
longer periods, entire communities evolve into other types through
slowly operating natural processes, examples of which are glaciation
and soil formation and erosion. Yet larger aggregations of plants and
animals are identifiable on a continental basis. Continental identity of
biotic communities is maintained by the effective barriers to natural
dispersal provided by the major mountain chains and bodies of water.

The survival of individual communities depends on the integrity
of the soil, which is in turn dependent on the plant and animal associa-
tions living on and within it. The existence of any species population
of animals that is part of the community is contingent on the survival
of other species populations of the community, since food and shelter
can be provided only by other organic members. There exists, in the
numbers and kinds of species in a community, a general balance dic-
tated by competition for the prime requisites for existence—food and
shelter. Ordinarily the numbers and kinds of organisms in a stable com-
munity fluctuate little. The resulting approximate equilibrium so clearly
seen in stable communities gives rise to the popular concept of “balance
of nature.”

This natural balance cannot be maintained whenever important
changes occur in single constituents. In this context it makes little dif-
ference what the cause of change might be. A change in soil condition
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will inevitably result in change in the dependent flora. The resultant
modification in plant character (a changed habitat, as animal ecologists
are prone to call it) must inevitably lead to different species and num-
bers composing the fauna. The sequence of change need not start with
the soil. If at any point the numbers of a single species are caused to
change, the intimacy of the internal relations within a biotic community
ensures that other members will change.

Thus far I have noted that a certain order is apparent in the dis-
tribution and aggregation of species. The word “community,” how-
ever widely applied spatially, connotes a predictable form and function
among its plant and animal components. The numerical composition
of these varied organic components is stabilized within relatively nar-
row limits by interaction among them, the most important one being
competition. It remains, however, to point out that destruction of a
community structure is followed by a regular sequence of biotic as-
semblages leading to restoration of the original community. This eco-
logical succession is orderly, directional, and capable of description,
and its end products are in many instances predictable. The entire se-
quence of successional stages is spoken of as the sere. Changes taking
place within the sere are called seral phenomena. The unstable early
stages of a sere are termed pioneer communities, and the relatively
stable end product is known as the sere climax or, more often, simply
the climax.

From this brief and general summary, one should not conclude that
all biotic sequences leading to community formation and stabilization
are well understood. It is always easier to describe appearances than
to understand mechanisms, These ideas on community characteristics
are nonetheless accepted by professional ecologists and should be kept
in mind in reading the more detailed descriptions to follow.

The Simplification of Biotic Environments

Reduction in the complexity of the biotic elements in living com-
munities is the natural consequence of converting lands to the culti-
vation of single or, at best, a few crop species. Attendant upon this con-
version is an actual reduction in the number of plant and animal species
in the area thus disturbed, the likelihood of greater numbers of the
species that remain, and a greater susceptibility of the land to invading
species. In successional terms, the effect of land conversion is to push
seral stages back toward pioneer, maintaining a permanent subclimax,
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and hence unstable, community. In terms of agriculture or forestry,
the effect is to channel more energy into favored species, to provide
greater yields of their useful products. Biotic simplification is essential
to the maintenance of crop species everywhere, and in all times has
been attended by pest problems. The modern “simplification for effi-
ciency” is perhaps only a special case, but its scope and the manner by
which it can now be effected have brought a new set of hazards. Be-
fore going into these hazards let us look more closely at the processes
by which community simplification can be achieved.

Simplified environments occur in nature. In general, the degree of
complexity of the biota is correlated with the rigorousness of the en-
vironment. Clear ecological patterns of distribution are discernible.
The biota becomes increasingly complex as one progresses from pole
to equator, and decreases in complexity as one ascends to the tops of
high mountain ranges. We may therefore speak of latitudinal and verti-
cal simplification. In special situations the biota for the latitude in ques-
tion is yet further simplified by topographic conformations that cause
unusual aridity.

Latitudinal differences in the complexity of biotic communities are
astounding. In arctic tundra, for example, there may be only a dozen
or two permanent species of plants and animals. The short summer
accommodates a few more species, particularly of breeding birds. Mos-
quitoes, midges, and blackflies become abominably abundant during
the summer. Migratory patterns are pronounced to compensate for the
limited seasonal food supplies. Violent oscillations in numbers char-
acterize tundra communities. The classic lemming cycles, in which five-
hundredfold changes in density occur regularly, are paralleled, but
with lesser amplitude, by changes in the numbers of avian and mam-
malian predators. In contrast, a few acres of tropical rain forest may
contain more species of trees than are found in all the flora of Europe
(Odum, 1959). On the six square miles of Barro Colorado island, a
research station in the tropical rain forest of the Panama Canal Zone,
there are some 20,000 species of insects, more than are in all of France.
Seasonal stability at tropical latitudes obviates the need for migration,
and only in special situations, chiefly semiarid areas, does it occur at
all. The numbers of individuals in a species are usually much fewer
than at middle or high latitudes, and no violent oscillations occur in
population density.

Artificial simplification is a convenient term to describe the reduction
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of species diversification that occurs wherever man uses land inten-
sively. The only human cultures which use the land without simplify-
ing the biota are those of the hunters and the gleaners. It is, however,
not biologically correct to consider man an artificial influence in biotic
systems. The word “artificial” becomes a more acceptable term if we
consider what the biota would be had man not entered the picture.

Since the consequence of man’s manipulation of land is always biotic
simplification, in self-interest it is pointless to argue that simplification
is harmful. We must clear, cultivate, and plant. The important ques-
tion is how far simplification can be carried without interfering with
crop yields or other products of lands. There is, of course, no single
answer, and even when the question is applied to particular sites, the
precise point of decreasing value will be difficult to identify.

Four processes, all interrelated, are discussed most easily, These are
clearing, cultivation, planting of single species, and abuse of land. The
last-named is, of course, a special condition, whereas the first three
are the normal sequence followed in agriculture.

The simple clearing of forest and herbaceous growth, followed with
preparation for cultivation, reduces the numbers of plant and animal
species. The means of reduction is obvious enough when one visualizes
mixed hardwood forest cut to the bare ground. The sequence of biotic
change following clearing is easily apparent, logical, and widespread.
But, surprisingly, documentation from careful study is rare. No ap-
praisals of changes in the total biota undergoing alteration seem to
have been made at all. Changes in particular groups are recorded more
often. In Malaya species of animals are much more numerous in rain
forests, for example, than in cleared areas. In Selangor, Malaya, Audy
(1956 ) noted at least 49 species of rodents and insectivores in original
forest, but 15 (5 of which were introduced) in deforested areas, and
only 5 (all introduced) in built-up areas. Mammalian ectoparasites
(trombiculid mites) paralleled this reduction in species—58 in forest,
16 in cleared area, and only 3 in town. Probably 4 of the 19 species
occurring outside the forest were introduced. Accompanying the re-
duction in species number is a usual pattern of confinement and con-
centration in the disturbed areas.

In another example, the successional return of once-cultivated land
to the climax community was carefully studied over several years. We
may take the parallel increase in biotic complexity to illustrate the re-
verse of the clearing process. Abandoned cropland in the piedmont
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region of Georgia followed five seral stages in its return to climax: forbs,
grass, grass-shrub, pine forest, and oak-hickory climax. Breeding pas-
serine birds increased in both species variety and density along this
sequence. The change in variety ranged 2, 2, 9, 18, and 20. Estimated
pairs per 100 acres increased in this fashion: 15, 40, 136, 158, and 228
(Johnston and Odum, 1956).

Normally, cultivation and planting are so closely linked that separat-
ing them is pointless. However, cultivated ground with plants growing
sustains a more diversified fauna than does bare ground. In a sense,
planting begins a reversal of direction of the path of simplification. In
this context, however, the important feature is that the complexity of
crop ecosystems never approaches that of the ecosystems they replace.
Single varieties of crop species (monocultures) are normally grown on
cultivated lands. A monoculture in a diversified landscape, of an area
not so large as to exceed the dispersal powers of its animal members,
maintains a reasonably diverse and stable fauna. From the standpoint
of ecological stability, such monocultures cannot exceed sizes normally
characterizing garden or peasant agriculture. American agriculture long
ago left this standard behind. The extreme example of monoculture is
in cereal crops, which frequently cover many thousands of acres with
solid stands. More frequently in other crops, single stands range from
40 to 200 acres. These, too, are of sufficient size to guarantee ecological
simplicity and instability. Annual crops, particularly when varieties are
rotated, are less prone to catastrophic instability. Longer-lived crops—
orchard, forage, and pasture types—when of large extent, are partic-
ularly susceptible to the consequences of instability.

Biotic simplification is further accentuated by changes within and
around croplands. The maintenance of clean fence rows and field road-
ways, and of neighboring trees, shrubs, and herbaceous verges, removes
reservoirs of complexity where evicted fauna could otherwise easily
colonize. The practices of clean cultivation, either by machine or by
chemical application, simplify the biota further. An example of the lat-
ter is selective removal of broad-leaved weeds in cereal fields to facili-
tate harvesting.

Artificial simplification is hence the normal and necessary pattern in
agriculture. Simplification for efficiency of maintenance and ease of
harvesting is a relatively new practice. So also is the practice of large-
scale monocultural farming. These elements ofter the base for cata-
strophic instability. Taking together these varied means by which biotic
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simplicity is currently achieved, we may note that the world-wide trend
is toward a crop biota scarcely more complicated than the arctic tundra.

Parallel patterns have on occasion been followed in forestry. The
pine stands of the southeastern United States have been maintained
by fire and herbicidal treatments as essentially pure stands of large
extent, Insect outbreaks have sometimes been linked to the maintenance
of such monocultures (Franz, 1961). However, forest ecologists tend
to appreciate (perhaps are forced to) the value of diversified plant
stands and an attendant stabilized fauna; the long life of timber trees
and the uneconomical character of repetitive chemical and mechanical
treatments dictate a policy of least disturbance. Various measures, in-
cluding diversification of stand—recently, mixing conifer stands with
hardwood species—are now used to lessen the severity of insect out-
breaks,

Range managers, too, have recommended, with increasing frequency,
mixtures of plant types for reseeding grazing lands. In this instance,
as with many other examples in agriculture and forestry, diversification
of plant types may have values other than ecological stability. For ex-
ample, mixtures of annual and perennial grasses with different ripening
times can extend the period that cattle can efficiently graze pasture
lands. Whatever the purposes, the value of conscious biotic complica-
tion ensues.

Some of the practices I have described may be looked upon as eco-
logical abuses, and indeed are so regarded by many ecologists and
conservationists. Nonetheless, there are economic reasons for their be-
ing, whether the goal is production or ease of handling. There is a spe-
cial category of abuse whose consequences are recognized by crop pro-
ducers themselves. Whenever crop or grazing lands are utilized at
intensities beyond their powers to sustain desired plant species, biotic
simplification results. The natural grasslands are particularly subject
to abuse of this kind. Many early civilizations developed in grassland
regions, and faded through their abuse. Even today, and especially in
the recent past of the western United States, thousands of acres con-
tinue to be converted, at worst, into useless desert or, at least, into land
of lowered productivity. Accompanying reductions in plant and animal
species have been followed by excessive multiplication of a few, as in
the rise of dominance of annual species of grasses on overgrazed range-
land. An increase of rodent numbers is a normal consequence on land
of this character and may, in the continued presence of heavy grazing,



Creation of Pests | 193

contribute to further range simplification and destruction. Needless to

say, numbers of grazing livestock must be reduced on simplified range-
land if wasteland is to be avoided.

The Concept of Plant and Animal Weeds

According to one definition, a weed is a plant in the wrong place.
It is a pest because we term it so. Weeds may be well-behaved in their
natural habitat, but when their biotic relationships are changed—par-
ticularly when the plants are transported to new areas—they develop
more vigorously than local occupants. Most species of nuisance plants
are not native to the area where they are called “weed.” Almost all have
been carried to the new area by man, some intentionally. Most of the
noxious plants in California, for example, came from the Mediterranean
area; a few important species derive from northern Europe. Develop-
ment of weeds in situ is almost always related to man-caused disturb-
ance of land, frequently because of serious abuses of land. Only in rare
instances is a native species of wild plant sufficiently hardy to continue
serious competition with introduced crop plants if the cropland is well
managed.

To the ecologist the patterns in which plant, insect, or rodent oc-
cupy disturbed and simplified habitats are much the same. The con-
cepts of biotic simplification and community succession should prepare
a non-ecologist for the idea that all are biological weeds, hardy oc-
cupants of disturbed environments. In Malaya, for example, Audy
(1856) notes that the introduced weed lalang (from Africa) occurs
in dense concentrations following deforestation. Associated with it are
two species of introduced rats, chiefly Rattus argentiventer, which
in turn is heavily infested by two species of mites that carry scrub
typhus. One of these mites ( Trombicula akamushi) was introduced to
and spread over Malaya largely by birds,

The term “animal weeds” was introduced by Taylor, Vorhies, and
Lister (1935), who in this instance were describing induced abundance
of jack rabbits as a response to overgrazing on rangelands. Studies on
range rodents—kangaroo rats, prairie dogs, and squirrels—have re-
peatedly illustrated their increase following disturbance of the climax,
and their decline as climax vegetation is restored.

Whether animal or plant, the following characteristics are normally
associated with biological weeds:

(1) They are vigorous in disturbed areas (subclimax communities ).
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(2) Efficient reproduction and dispersal ensure extended distribu-
tions. Ordinarily “weeds” are introduced species.

(3) They are usually transported successfully only from one simpli-
fied (man-caused) habitat to another, and their occupancy tends to
be confined to the disturbed habitat (they do not invade more com-
plex habitats ).

(4) In these areas of occupancy they multiply more rapidly and
maintain higher densities than they did in their native habitat, or than
do their counterparts in adjoining complex communities.

(5) The abuse of land accentuates their multiplication which fre-
quently leads to catastrophic devastation, often with far-reaching ad-
verse effects on the capacity of the land to be regenerated.

(6) Removal of biological controls, as a consequence of simplifica-
tion, renders excessive multiplication and population instability more
likely.

(7) If all favorable conditions are met, high densities of the noxious
species are predictable. Equally predictable is high resistance to con-
trol campaigns by man. The compensatory mechanisms are many. In
plants, seed dispersal, dormancy, or vegetative reproduction may en-
sure survival and quick recovery. Among pest rodents, the most com-
mon animal weeds, any sharp decline in numbers is followed by greater
reproductive success. Two factors in this success are increased litter
size and more frequent estrous cycles.

Awareness that biotic simplification increases both crop yields and
pests is not new. The realization that effective ecological management
may result in adequate crop yields and lowered pest densities is rela-
tively recent and not widely accepted. Early quarantine practices were
empirical recognition that simplified environments were particularly
vulnerable to introduced pests. Manipulation of living counter-pests,
now labeled “biological control,” is centuries old, but only in this cen-
tury has it gained widespread acceptance. Integrated control as a spe-
cial aspect of ecological management is a relatively new concept, which
in ecological terms means maintaining as much biotic complexity as is
consistent with high yields of the desired product, and using supple-
mental chemicals where needed. In several production-management
disciplines—soil conservation, range and wildlife management, and
forestry, as examples—the practice of maintaining biotic diversity, and
of inducing it, has come to be a basic feature. Only in the last two or
three decades have these disciplines gained stature.
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The ecological unity closely binding the sciences applied in agricul-
tural production is not sufficiently appreciated by the practitioners
themselves. Fortunately, a favorable direction has been established in
the last decade among professional ecologists, and the movement is
rapidly picking up force. The time may be very near when total ecologi-
cal management will have gained as much acceptance as have the
varied, fractionated management disciplines that are concerned with
it. Resistance to full acceptance of ecological management among peo-
ple in production, distribution, and regulation arises chiefly from failure
to recognize the biological basis or the practical advantages of biologi-
cal manipulation.

Analyses of the biological basis for land uses are summarized by
Elton (1958) and E. H. Graham (1944). Let me point out again that
ecological management depends on reversing the trend toward en-
vironmental simplification. Its practical measures rest upon retention of
diversity and the conscious restoration of more complicated ecosys-
tems. Precise methods have been repeatedly described in other contexts
throughout this book. For statements of economic advantages accruing
from the application of ecological knowledge, a doubting reader may
refer to both Elton’s work cited above and a later summary of E. H.
Graham (1947). The consequences of this application serve many
values, by no means the least of which is better pest control.



16 - PREDATOR-PREY RELATIONSHIPS

|Thﬁ word predator comes from the Latin praeda—prey. Biologically
as well as etymologically the words have a common root, and one is
the logical derivative of the other: There can be no prey without a
predator. No living community lacks predation, and only in environ-
ments dominated by man is the biological importance of predation
diluted. Predation is therefore biologically normal, ubiquitous, and
with relatively few exceptions, essential to man’s welfare, although that
is not immediately obvious to the non-biologist. Yet, it is largely from
these exceptions that there has come a grossly distorted picture of what
predation is, how it functions, what its beneficial and detrimental ac-
tions are, and how the competition with man’s interest can best be met.
My task here is to describe these varied phases in ways which may
lead to understanding the full meaning of predation as it relates to
pest control. Unfortunately I cannot do that completely successfully—
nor can anyone—for ignorance, special interest, and conditioned values
196
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ensure disagreement. Few subjects in biology lead so readily to con-
troversy as do predator-prey relationships.

Biologically, a predator is a flesh-eating animal. Occasionally the
concept of predation is extended to plant-feeding animals as well, but
this use dulls effective definition: It is merely another way of saying
that animals depend on plants for food, whether or not intermediate
links intrude to convert plant tissue to flesh. The value of such an ap-
proach is that it facilitates description of the path of energy dissipa-
tion in ecosystems and the efficiency of energy conversion at points of
transfer along this path. As important in ecology as is this approach, our
emphasis must be on individual species and the size of their popula-
tions, for these are the present measures of success and hazard in pest
control. When, therefore, I speak of predation, only a relationship be-
tween animals is intended. I should add, however, that the parasites of
animals can normally be included in this definition. They too depend on
animal tissues; only their means of dispersal, of “capturing” animal
food, and their effects on whole organisms differ. Moreover, parasitism
and predation, viewed from the standpoint of entire populations, often
produce results of the same kind.

Two considerations underlie all practical discussions of predator-
prey interactions: prey specificity and control of prey populations.
Expressed as questions, we might ask: Is a given predator limited to
a certain kind of prey? Does the predator control the size of its prey
population? Neither question can be generally answered with “yes”
or “no.” However, I hope that acceptable qualified answers will emerge
from the discussion to follow.

The Biology of Predation

The components of predation are many and varied. Nonetheless
some general categories are recognizable. First among these pertains
to the feeding specificity of the predator. Facultative feeders are those
able to live under different conditions, whose type of prey is optional,
and whose feeding habits are opportunistic. Obligate feeders, in con-
trast, are bound closely to particular environmental niches and food
types. Among carnivorous mammals, for example, bears are essentially
facultative feeders. Their diet includes roots, berries, insects, fish,
rodents, carrion, and livestock. The choice of foods is dictated some-
what by preference, but more often by the opportunities afforded by
season and locality. Coyotes depend basically on rodents and rabbits
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at any season of year, but their diet varies greatly with opportunity.
They may be termed partial obligates. Mountain lions, in contrast, de-
pend primarily on deer for food, and although other items such as
rabbits will be eaten, the welfare of mountain lions is tied to the num-
bers of deer. For practical purposes, they are obligate feeders. The
same kind of comparisons could be made throughout the vertebrates.
Insects tend to be more narrowly adapted, and in fact the best ex-
amples of obligate feeding among animals occur among insects. For
illustration, I need only to point out that the success of biological con-
trol operations depends on the degree to which a predatory or parasitic
insect is restricted to a single prey species. A completely obligatory
predator is preferred; the welfare of one species thereby depends
solely on the other.

Many factors other than feeding predilection affect predation (Hol-
ling, 1961). The basic variables are the densities of predator and prey
—inevitable features of any predator-prey situation. Other factors de-
rive from these.

The number of prey destroyed by predators is, of course, the product
of the number killed per predator and the number of predators present.
This twofold nature of predation was recognized by Solomon (1949),
who proposed the terms “functional response,” to apply to prey con-
sumption, and “numerical response,” to concern density of predators.

Published information on the functional response of predators to
prey density deals largely with insect parasites (a special type of
predation). In all instances parasites attack more hosts as host density
increases. But this direct relationship of attack to host numbers does
not continue indefinitely. At higher densities, the relative intensity of
attack decreases, so that the curve describing the relationship tends
to flatten out. The relationship is curvilinear, appearing on a graph as
a simple arc flattened at its top end, when density is charted on the
abscissa and percentage of parasitization on the ordinate. Functional-
response curves of this kind are not limited to parasites. The same kind
of thing has been shown among predatory insects.

The functional response of vertebrate predators to density of insect
prey seems to be of a different sort. Small mammals (Peromyscus,
Sorex, Blarina), for example, are important predators of cocoons of
the European pine sawfly. Both experimentally and in nature, individ-
uals of each species attacked more prey as prey density increased.
Unlike the response curve of insect parasites, the functional-response
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curve of these insect predators was “S-shaped,” or sigmoid. It appears
therefore that vertebrate predators attack scarce prey by chance, but
in some way develop the ability or inclination to find a greater propor-
tion when the prey become more abundant (Leopold, 1933). The
number of predator attacks is thereby associated with greater skill ac-
quired through learning. Here, too, prey taken cannot be indefinitely
increased, simply because there are limits to the numbers of predators
and to the food they require. The response curve at this upper limit
must thereupon flatten out to form an upper plateau. The same kind of
response applies to birds and their insect prey. Tinbergen (1949) sug-
gested that birds preying upon a variety of insects develop a “search-
ing image” of the favored prey when the overall prey population be-
comes dense enough to make this profitable.

In all functional responses to prey density there are three universal
components: length of time prey are exposed to predator; rate of dis-
covery of prey; and time spent in identifying, capturing, and eating
prey. These are logically present in all situations. Some other variables
do not operate uniformly in all predator-prey interactions. Hunger, for
example! Presumably, searching rate intensifies when a predator is
hungry, and searching ceases when it is not. This is generally true, but
there are exceptions. Some predators continue to attack and kill even
when no longer hungry. Water beetles and weasels are examples. We
therefore have a fourth element that usually is present—hunger that
leads to intensified search. These four, taken together, are sufficient
to explain the arc or curvilinear responses of insect parasites and
predators. To them must be added a fifth, in order to explain the sig-
moid response curve of vertebrates. Birds develop more complex
searching patterns than do insects. The “searching image” mentioned
above is a response not only to greater density but also to an intensified
stimulus that induces the bird to search selectively for a specific kind
of prey. This fact explains the high concentration of birds and the
selective feeding on pest species at outbreak numbers. There is indeed
a possible sixth component—the response of predators to swarms of
prey. From a number of instances it seems clear that very dense ag-
gregations of prey serve to confuse a predator through constant dis-
traction, reducing its efficiency to capture.

But the predator too has its limitations. The functional responses
to predator density are reducible to components just as are functional
responses to prey. These reactions result largely from exploitation and
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interference. As parasite and predator populations increase in response
to prey density, the chance decreases of discovering prey not already
attacked by a given parasite or predator. They are, after all, competing
for the same resource; “exploitation” must decrease accordingly. “In-
terference” simply describes competition between predators them-
selves. The result of two predators “squabbling” over prey can be only
an increase in the time spent in capture and handling. In some animals
the act of attacking is not prevented or interfered with but becomes
a stimulus for another to do the same. A fish rising after flies stimulates
others also to rise even though prey may not be visible. This is not
interference but “complementation,” a third but subsidiary component
which operates only when groups of predators search together. Pre-
sumably such a response would be common among mammalian pred-
ators that search in loose groups.

Thus far, emphasis has been placed on the effects on prey of either
prey or predator numbers. This preoccupation with prey is what is
meant by the two functional responses—exploitation and interference
—1I have described. In short, I have described the mechanisms by
which predation functions. But there is more to say. Both types of func-
tional responses can affect the numbers of predators present, so that
there may be a numerical response as well as a functional one. There
are many examples illustrating that predators in nature increase as
prey density increases. Not only do absolute numbers of predators in-
crease but the number of species of predators may also increase. The
rate of intrusion of additional numbers of a single species depends on
length of reproductive generation. The rate of intrusion of additional
species depends on dispersal rate, which correlates directly with the
likelihood of discovering an adequate food source.

Densities of both invertebrate and vertebrate predators respond in
these ways. Among vertebrates certain insectivorous birds, for example,
are consistently more common during outbreaks of spruce budworm;
other birds show no response (Kendeigh, 1947; Morris et al,, 1958).
Breeding success is rendered more likely at times of high prey density,
even though predator density may also be high. Pitelka et al. (1955)
showed that the numbers, species, and breeding success of avian pred-
ators that depend solely on lemmings were related directly to the num-
bers of this rodent. With these predaceous birds, as with predatory
mammals in the Arctic (Elton, 1942), the lag in increase imposed by a
reproductive generation longer than that of the prey projects the effects



Predator-Prey Relationships | 201

into a subsequent season. Predatory mammals whose cycles of abund-
ance parallel those of prey species always lag noticeably behind both
increases and declines of prey numbers. An oscillatory pattern often
results. The lynx-hare relationship of Canada and the northern United
States is a classical example. The arctic fox responds directly to
fluctuations in lemming numbers but with a lag of one generation.
When the European pine sawily is abundant, shrews and deer mice are
also abundant. In short, a high prey density increases the total welfare
of predators or of predator complexes. Only when numbers of pred-
ators increase to very high levels do the functional responses (exploita-
tion and interference) come into play to limit further increase of pred-
ator density.

It is obvious that the perceptivity of the predator and the character
of the environment will influence the amount of a prey population
that a predator can remove. Or, in other terms, the carrying capacity
of an environment, as defined earlier, not only describes a balance be-
tween predators and prey but interposes a physical element. An area
that does not provide adequate food and cover exposes a large prey
population to excessive hazard. It has become a tenet in game manage-
ment, derived principally from Errington’s many studies (for example,
Errington, 1946), that unusual success of predators indicates a poor
habitat more than it does credit to the skill of predators. The prey
removed by predation are merely surplus; they would have died from
other causes had not predators taken them. This idea is sound enough
among vertebrates that feed on vertebrates, but has little meaning
among prey species with lesser mobility, such as most insects. Most
insects do not achieve the population densities required to produce the
density-governed response of which Errington speaks.

One question frequentl}r asked, particularly by wildlife biologists,
is: Which components of a prey population are most vulnerable to
predation? If all members are not equally subject to the attentions
of predators, the significance of partial but selective removal cannot
be assessed in a purely mathematical way. Is predation in fact selective;
i.e., do predators remove more of the weak, the young, the crippled,
the diseased, and the ill-adapted members of a prey population than
would be expected by chance?

Though information is lacking to answer this question convincingly,
it would seem that invertebrate predators do not normally select par-
ticular members of their chosen prey species. The most important
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feature of invertebrate predation is chance of discovery. Once dis-
covered, entire prey populations seem to be equally vulnerable. An
exception would be the many species of parasites that will not oviposit
in prey in which eggs have already been deposited. Moreover, the
area searched by insect predators and parasites depends very much
on the density of prey populations. The successes of biological control
confirm that predators and parasites are essentially nonselective. Un-
fortunately, selectivity is scarcely studied among insects that are not
economically important.

It is more difficult to generalize about vertebrates. As Errington
(1946) clearly shows, the skills of predators vary greatly, as do also
the defenses of vertebrate prey. Moreover, analysis is complicated by
territorial behavior and intraspecific intolerance of a degree not oc-
curring in invertebrates. It would seem that warm-blooded vertebrate
predators do “select” prey in the sense that the prey individuals that
lack secure territories and “cover” become the main targets of preda-
tion. These individuals, as Errington (1943) has shown in his study
of mink predation on muskrats, are often young or diseased animals,
Wolves preying on caribou tend to depend on stragglers and calves
(Crisler, 1956; Murie, 1944). In reference to wolf predation on bison,
Soper (1941) noted that most individuals killed are subadults ailing
in some way or animals in the last stages of senility. Borg (1962) in
Sweden has convincingly shown that predators differentially kill dis-
eased roe deer. Of 156 predator-killed deer examined by veterinarians,
54.5 per cent were diseased. Similar examples are many among canid
predators, but it should be noted that these animals are especially
skilled in the arts of predation (as also are predaceous birds: Rude-
beck, 1950, 1951). Even regarding man-eating predators the notion has
arisen that children and the more poorly armed are 1n0st vulnerable
targets. The density of prey and the extent of escape cover are more
important determinants of predator success. Nonethzless, in the ex-
posed population, selectivity does operate. Rudebeck (1950), in an
excellent study based on many years of field observation, shows that
avian predators feeding on birds capture significant numbers of weak-
ened prey. It is a matter of observation common to many species of
game birds that young birds are preyed upon more frequently than
adults. Fish-eating birds also depend most heavily on younger fishes.
In general, then, vertebrate predators do practice some selectivity
within prey species and become instruments of “environmental sanita-
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tion,” enabling established animals to fare better by removing excessive
numbers of young and of senile and afflicted animals. The occurrence
of selective removal is not doubted; its importance in population con-
trol is another question.

We must now look again at one of the two previously posed basic
questions—whether predators control the sizes of their prey popula-
tions. A most difficult question it is! At this point I am merely continu-
ing the biological accounting, choosing to refrain for the moment from
the argument on the necessity of control. (Let us also remember that
earlier discussions of food relationships and successional stages in re-
lation to animal representation and abundance are pertinent here,)

A definition is required. “Control” as used here does not mean
limiting numbers to those acceptable by man. Rathet it refers to the
ability of predators to determine the size of a prey population (natural
regulation ), all other factors being equal. A background thought is also
required. Excluding such gross factors of change as geological time,
evolutionary process, and cataclysms, one must generally conclude that
predator and prey populations exist together in relatively harmonious
balance. Excessive predation of sufficient proportions to lower or elim-
inate prey populations occurs only in specialized situations: the in-
troduction of predators into previously stabilized ecosystems such as
oceanic islands; the elimination of alternate food sources for facultative
predators; conditions, such as waterfowl refuges, which attempt to
induce unnaturally high productivity of desirable species.

Under natural conditions heavy depredation of plants by insects is
rare. Defoliation of plants occurs most regularly in crop species and
single-type forests. The tendency of leaf-feeding insects to feed up
to and beyond their food limits is marked in agricultural plantings; it
is rarer in forests (Vofte, 1946), where marked defoliation is neither
uniform nor sure. Most insects are kept below their food limits chiefly
by the presence of insect parasites and insect predators. The best evi-
dence of this lies in biological control. In the most classic and convine-
ing case, the vedalia beetle, imported to control the mealybug, did so
well that the mealybug is now scarce; but so is the beetle. The mealy-
bug is limited by the predator, and the beetle by its food supply. Here
as in so many similar examples a greatly simplified situation obtains:
one introduced pest and one introduced counter-pest! However, it is
possible that two or more parasites or predators might be needed. Act-
ing in concert, they could effectively limit a prey population. Preda-
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tion by birds on insects is large; astronomical numbers are taken. But
there is no confirmation that birds by themselves limit the population
numbers of insects in any long-term sense. More significant influences
on insect populations are rapid reproductive rates and mortality factors
other than bird predation. The important contribution of birds seems
to be at low densities rather than high, just as among insectivorous
mammals. A relatively higher proportion of prey is taken at lowest
densities (contrary to the assumptions of Howard and Fiske, 1911),
thus apparently delaying onset of outbreaks and perhaps spacing them
more widely.

As with most vertebrates, predators on fishes tend to favor and
select certain portions of a prey population. This restrictiveness on the
part of a vertebrate predator population stands in contrast to insect
predators. The result is that food—or competition for it—not predation,
most often limits population numbers of prey. Nonetheless, predation
is not without effect. Sizes and growth rates are small in dense fish
populations not subject to predation. Moderate to heavy predation
where the largest and oldest fish are taken (overfishing, for example)
reduces average age but increases growth rate so that younger fish
reach larger size more quickly. Heavy predation on fry affects the
entire population character. The removal of kingfishers and mergansers
in Eastern Canada, for example, clearly led to greater survival rate
among young Atlantic salmon, and it is believed that the effect could
be noted in greater numbers of older fish ( Holling, 1961). Competition
for food therefore seems to be at the root of population limitation in
fishes; only where predators are skillful and specialized will their
effects exceed those of competition. In other terms, these selective pred-
ators are obligate feeders on parts of fish populations. When these
predators are particularly skillful, predation becomes important in
limiting fish numbers,

Birds are common targets of predaceous mammals and carnivorous
birds. Here, too, large numbers of birds may be taken as prey, but
only in special situations does predation seem to restrict bird popula-
tions unduly. In the best study of its kind, Tinbergen (1946) showed
that European sparrow hawks took a large percentage of house spar-
rows during a given year (perhaps 50 per cent). Nonetheless, he could
not conclude that the population was importantly impaired from year
to year. Moreover, in other areas of England and the Low Countries
where sparrow hawks have been assiduously removed, there seems
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to be no compensating increase in house sparrow populations. A
similar conclusion must be reached from the excellent study of Bump
et al. (1947). In this instance, a variety of avian and mammalian pred-
ators harassed grouse. At first sight, combined losses seemed for-
midably high. Predation on eggs was 39 per cent; on young, 63 per
cent; on adults, 50 per cent. Total predation throughout the year took
about 80 per cent. To determine the value of predator removal, an
energetic campaign was launched to eliminate predators throughout
one large study area. The program was particularly effective against
the smaller carnivores, but did not eliminate all carnivorous birds. This
substantial removal of predators lowered egg loss by half but did not
affect predator pressure at other points or times of year. Further, grouse
populations did not increase in succeeding years. In this instance, how-
ever, the increase in numbers was directed toward enhanced hunter
success only a few months away from breeding. It is conjectural
whether these increases could be sustained from year to year. Thus,
hunting as a form of predation may only remove a surplus that is al-
ready doomed. Predation on birds, as Errington’s thesis suggests, suc-
ceeds only in removing the part of a population not sustainable in any
case.

Predation has been studied more intensively in mammals than in
any other animal group. Although predation clearly has its effects, it
is not established that population limitation is caused primarily by
predation. Certain facts are evident. Mammals do not normally devas-
tate their food supply (although in the Arctic this may occur); some-
thing other than food must therefore restrict populations. The num-
bers of mammals taken by predators may at times be very large.
Predation on mammals is frequently observed and often dramatic.
Population fluctuations, particularly in rodents, are equally dramatic.
In some special situations (the celebrated Kaibab deer herd, for ex-
ample) total predator control has been followed by irruptive increases
of herbivores, often leading to overuse of vegetation and subsequent
starvation. Irrespective of a bewildering welter of apparently conflict-
ing data and views, it seems likely that predators are not a dominant
influence in the control of most mammalian populations. Exceptions
would come in those prey species whose reproductive rates are higher
than those of their predators. However, predators are not without
effect, and, temporarily, they may be responsible for marked reduc-
tions in numbers,
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Some mammals, like some birds, can be extraordinarily effective
hunters. Those mammals with special attributes and a seeming zeal
for hunting may be more important factors in control than can cur-
rently be documented. As examples, I might note these couplets: foxes—
rabbits; fishers—porcupine; mountain lion—deer; and ferret-prairie dog.
But even among these skilled hunters, the victims seem most fre-
quently to be the handicapped—the immature, the wanderer, the ill-
adapted. The removal of such prey may conceivably result in more
vigorous prey populations rather than less.

On a sustained basis predation exerts less persistent control than do
habitat limitations, competition for food, and social strife. But a word
of caution is necessary. Almost every description one encounters deals
with simple relationships: one predator species to one prey species.
“Food habits” studies are more often than not tied to single species
rated by someone as important. In many instances it is biologically
feasible to extrapolate total effects of predation from the study of single
pairs of vertebrate predator-prey species. In more species, however,
the wider latitudes of feeding habit among birds and mammals dictate
against this as a general rule. Very rarely are the effects of predator
complexes on pest prey species given proper recognition. Arbitrary
selection of single species for consideration normally distorts total
evaluation and can lead to biological illusion. Too frequently, the
illusion is intentionally sought to justify particular control programs.
For example, the excellent study of Fitch and Bentley (see Chapter 17)
correctly points out that coyotes did not approach total removal of
the annual surplus of ground squirrels in a foothill area of the San
Joaquin Valley. This fact has been widely used to justify coyote con-
trol campaigns. What is not generally circulated is that coyotes fed
widely on other rodent species as well, and that all vertebrate pred-
ators, from rattlesnakes through coyotes, acting in concert, did in fact
consume most of the year’s ground squirrel production. This judg-
ment cannot be extended to other species of rodents, since they were
not studied in the same way.

A total complex must be considered. I have wondered why biologists
themselves perpetuate a biological illiteracy in which only one-to-one
relationships are studied. I can only conclude that the tendency to
concentrate on “favored” species in all phases of economic zoology
has led to a warped concept of the ecological functions of animals.
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Certainly, wider studies in which the total value of predation becomes
the core of emphasis are long overdue. Equally overdue are studies
that exploit food competition, social strife, and habitat manipulation
as approaches to vertebrate pest control. Neither the challenges nor the
rewards of such imaginative approaches seem appreciated by the ad-
vocates of more toxic poisons, increasingly distributed.

Campaign and Controversy

Of all pest control practices, the killing of predatory animals has
elicited the bitterest criticisms. The criticisms vary in intensity and
rationale, depending on the kind of predation and the purposes of con-
trol. Insects, birds, and mammals figure most prominently in these
arguments.

The loss of predaceous and parasitic insects resulting from broad-
cast nonselective chemicals is now so commonly recognized as not to
require verification. Economic entomologists rather uniformly acknowl-
edge the serious nature of this loss and, where possible, seek to avoid
it. In practice, avoidance of loss of these important natural controls
is sought through appropriate timing of pesticide applications, by con-
tinuing search for greater pesticide specificity, by coordination of bio-
logical and chemical methods of control, and by substitution, where
possible, of introduced species of predators and parasites. The net
effect of these efforts is not yet great, and in most agricultural situa-
tions major dependence is still placed on chemical control, regardless
of consequences to other members of the insect fauna (see Chapter
21). A measure of disagreement—sometimes strong—marks the differ-
ing attitudes that entomologists have toward remedying the losses of
insect predators and parasites from chemical control practices. All in
all, this loss has more general significance than have comparable prob-
lems in vertebrate pest control. Nonetheless the arguments among
entomologists appear curiously benign to one closely familiar with
the violence of controversy characterizing much bird and mammal
control practice.

Rodent and predatory-mammal control away from dwellings serves
the interests of crop, timber, livestock, and game producers. Less com-
monly, when, as currently with rabies, a disease transmissible to man
appears in wildlife populations, control campaigns may also be justi-
fied for reasons of public health. Bird control campaigns (in contrast to
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local control of nuisance birds) are justified by proponents of control
for similar reasons—reduced crop yields, interference with growing
operations, and, more rarely, transmission of disease.
Predatory-mammal control has, in the past fifty years, become in-
creasingly sponsored by federal agencies. Local control efforts were
and still are based on hunting and trapping. The only really new
feature is the use of aircraft, which permits more kills over open coun-
try than would otherwise be possible. Hunters and trappers are usually
local residents, hired by local producing interests and by governmental
agencies at all levels, whose goal is local reduction in numbers of pred-
atory animals. The core of their support has been stockmen, to whom
poultrymen have attached more recently. The local hunters and trap-
pers have been aided in making a living by bounties paid for certain
species and, under some arrangements, by the sale of fur. The decline
in bounty payments in many areas and marked decreases in prices of
marketed furs, particularly in the last few years, have made them more
dependent on governmental employment than has been traditional.
Hunting and trapping, however, are both expensive to support and
local in effect. Beginning just before World War I, a philosophy. of
area-wide reduction with poison baits began to appear in mammal
control operations. The main beneficiaries and proponents were stock-
men. Large-scale reductional programs grew greatly during World
War I, and have neither declined since nor at any other time ex-
panded so markedly (whatever rationale was used to gain further
support ). Chief among arguments for support were game production
and disease prevention. Neither of these now provides the same degree
of justification as characterized the twenties and thirties. Strychnine
was the chief chemical used at first, but the German discovery of
thallium during World War 1 gave mammal control a new, highly
toxic material not possessing the disadvantages of strychnine. Because
thallium lacked both taste and immediate toxic effects, lethal doses
were much more likely than with strychnine. For twenty years thallium
was the main chemical used in the control of field rodents and pred-
atory mammals. Strychnine had yielded its unintended losses, but
thallium produced more (partly because of the chemical’s stability and
high toxicity, partly because of much expanded control operations, and
partly because of the carelessness and indifference of control workers).
Opposition to mammal control programs had been voiced against the
earlier campaigns with strychnine, but these objections were minuscule
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compared with those that followed. Beginning in the middle 1920’
and continuing for several years, opposition mounted until it became
a controversy penetrating state and federal legislatures. In 1930 the
annual meeting of the American Society of Mammalogists fully aired
the conflict as it existed at that time (see the Journal of Mammalogy
for 1930 for the several published articles that followed). Resolution
of the conflict did not follow; control campaigns did not change char-
acter or diminish in scope or intention. In fact, the exigencies of the
depression years that followed resulted in more rather than less control,
in this instance chiefly as an employment measure. The opposition did
not die. Arguments continued through the 1930’s. But some changes
in control operations did take place. Research on the food habits of
animals increased. Workers were assigned to develop new and more
selective methods of mammal control. Field biologists were assigned
to study how in nature predation actually works and to determine how
control measures could be more narrowly tied to the biology of both
favored and pest species. More able men began to find their way into
the work. “Watchdog” committees were convened to evaluate methods
and problems having regional applicability (for example, the Wildlife
Administration and Pest Control Relations Committee, convened by
the California Senate in 1933, which met until World War II). In
retrospect, I must conclude that the controversies and recriminations
of the twenty years preceding World War II were not without value.
The larger issues were defined; reorganizations of operations and ad-
ministration were forced to follow the appraisals; a general heighten-
ing of competency painfully evolved at all levels. Conflicting values
remained to be resolved, then as now. World War II cut short the
debate.

Materials production was a yet greater problem in World War II
than in World War I. There were more men in uniform, distributed
more widely throughout the world, conducting a more technically
oriented warfare. Research and development work was diverted to
safeguarding food and other materials during the course of their dis-
tribution and storage throughout a variety of climates. Because large
numbers of the military were forced into contact with new animals
and diseases under formidable conditions, great effort in field sanitation
and disease-vector control became necessary. Means of controlling
rodents and disease became the main preoccupation of research
chemists and biologists.
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Under the focus of military need, combined efforts can produce
astounding results. If one considers mammal control alone, the results
of war-time chemical research were indeed impressive. Chief among
the discoveries important to our subject was the great effectiveness of
sodium fluoroacetate, known more familiarly under its experimental
number—1080. It was found to be highly toxic (the most toxic chem-
ical now widely used), soluble in water, and chemically extremely
stable; it could be eaten without suspicion by rodents (hence did not
produce “bait shyness”); and it did not act so quickly as to interfere
with consumption of a lethal dose. Its arrival was hailed as enthu-
siastically as was the development of DDT. Very soon it was noted that
the toxicity of Compound 1080 was not uniform to all animals, Among
vertebrate animals, the canids were found to be most sensitive, other
carnivores slightly less so, and rodents still less, and birds were several
times more resistant than mammals. Toxicologically the differences
in toxicity were academic; the chemical remained highly toxic. But
combined with biological knowledge and appropriate placement, these
differences meant that 1080 could be used selectively to poison only
certain kinds of animals. Thus programs became possible in which
predatory mammals and rodents could be controlled with presumably
minimal hazard to other living things. Compound 1080 has expanded
in use since that time (1946-47) and has become the standard chem-
ical in the United States to reduce populations of coyotes and range
and forest rodents. It is, of course, used also in urban situations and
for more limited control purposes elsewhere. It has been used in large-
scale programs in Australia and in New Zealand, where, depending on
locality, its targets are deer, opossums, kangaroos, European rabbits,
dingoes, and foxes. No other countries use Compound 1080 in the
quantities consumed in these three countries. Moreover, in all three,
aircraft have been increasingly brought into use to permit broader
coverage, better dispersal of poisoned baits, and lower application
costs.

In the United States the philosophy of area-wide reduction of pest
species was implemented by this chemical so well that little need
seemed to remain for other methods. When ground squirrels and
coyotes, its chief targets, were widely reduced in number, attention
shifted to range and forest rodents. The means were at hand to end
pest mammal problems—if one accepted only one definition of pest,
if one agreed that pest control should be conducted by governmental
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agencies for self-interested production groups, if one agreed that public
lands were to be treated for the particular advantages of these groups,
and if one believed that the losses to other wildlife and domestic ani-
mals could be written off as scarcely worth mentioning in the face of
apparent economic gain,

The use of 1080 early presented problems, mostly foreseen. Hazard
assessment was an important phase of its development and its em-
pirical application in the field. On occasion, wildlife losses were great;
the methods in use could not guarantee the selectivity anticipated
(ie., that meat-eating animals eat only meat; that grain-eating animals
eat only grain). The smaller furbearers became regular unintended
targets of 1080-poisoned flesh stations put out for coyotes. The colora-
tion of grain baits was only partially successful in reducing unintended
losses of birds. Secondary poisoning, a logical derivative of the chem-
ical’s stability, became common, and indeed in some instances was
hailed as one more demonstration of Compound 1080’s value.

Doubts of the safety of large-scale programs with 1080 came early,
and in recent vears national opposition has broken out (as has hap-
pened in New Zealand).

From my point of view, whatever points might be raised in opposi-
tion, the most saddening feature is that the U.S. Fish and Wildlife
Service—almost entirely responsible for the development and field
use of 1080—has not assumed the remainder of its responsibilities in
regard to wildlife. Following the demonstration of field hazard and,
latterly, wide opposition to poisoning campaigns of widening scope,
the service has not responded (as it did in the late 1930’s) by initiating
full studies of the effects of its own programs. There have been no con-
tinuing appraisals, realignments, and regrouping of able personnel.
The response, to this viewer, seems rather to be a tightening within
the “control-minded” shell. The aerial treatment of tens of thousands
of acres of forest burns in California in 1960 attests to a disturbing
direction. I would feel more satisfied with such an operation had the
degree of rodent reduction, the rate of population recovery, the actual
effects of rodents on reforestation, and the economic gain been studied
and announced. Hopefully in the future the pesticide-wildlife investi-
gation program, now figuring prominently in U.S. Fish and Wildlife
Service research activity, will examine the hazards of its own control
programs. The Department of Agriculture is not the only offender in
single-minded poison uses.
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To this point I have tried to give a descriptive account of what
predation represents biologically and have exercised only such opinion
as I believed justified by operations which have mistakenly upset
predator-prey relationships. I am inclined to agree with many critics
of the specialist that his reporting is often entirely too theoretical and
depressingly divorced from practical situations. Let me now make it
clear that, however concerned I might be to arrive at the best bio-
logical conclusions, I am fully aware that attitudes and judgments on
bird and mammal control range well beyond the biology of the matter.
Nonetheless the dependence on biological information in the control
of noxious vertebrates is much too slim. Where we are ignorant, we
seem not to choose the path to learning. When dispute occurs, we do
not seem to possess the means or the wisdom to resolve it in mutually
acceptable ways. In other terms, the control of warm-blooded animals
all too often is neither soundly based on biological fact nor clearly
justiied by economic need. Superstition, conflicting tradition, self-
interest, and absence of fact ensure that dissension shall continue.

No one will challenge the statement that a landowner must protect
his property and means of livelihood, or that a hwanan population
should be provided with ample foods and fibers for physical and
material well-being. I also think that few would doubt that govern-
mental agencies should assist in reducing economic losses where wild
species are responsible for depredations. In the control of wild species
that figure in disease transmission, public-health agencies must logi-
cally be called upon to do what the individual cannot do. We can
also accept that the preponderance of wildlife, with its economic,
recreational, and aesthetic benefits, deserves protection and encourage-
ment; protective legislation has acknowledged its importance. There
is therefore no need to dwell on accepted values.

The doubts about vertebrate control campaigns do not come from
these universally accepted measures. The questionable control pro-
grams are those which derive in essence from competitive self-interest
and which are conditioned by attitudes that too frequently encourage
biological and social abuses. The chief criticisms therefore concern
who actually gains by the control measure, who must pay for it, and
what aftereffects it produces. All three points—gain, pay, and effects—
can be and have been translated into social issues well beyond argu-
ments of the self-interested antagonists. Scant as is the biological
justification, often fatuous as is the economic rationale, the argument
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ends with neither biology nor economics. The cultural roots of man
are deep. His states of mind, of habit, and of social organization ex-
tend the problems of animal control into what is virtually a meta-
physical limbo. The control specialist who refuses to consider beyond
dictated self-interests for his conclusions lives an illusion. So also
does the crop, timber, and livestock producer. Their problems are
greater than they believe.

I have already described some general aspects of predation. On
biological grounds it was concluded that, among vertebrates, predation
alone rarely determines the size of prey populations. Predation re-
inforces other restricting factors so that prey species will not outstrip
the limits of environment. Predation is therefore not without effect.
Moreover, particularly where prey are abundant, the less able are
taken more frequently than is consistent with chance alone. In special
cases where prey populations are low, predation may become a pri-
mary cause of population limitation. This fact has particular meaning
in prey species, whether or not selectively taken, if the predator breeds
more rapidly than the prey (as in the coyote—pronghorn antelope
relationship). Whatever the special case, predation tends to restrict
prey numbers by slowing population growth rates, and may contain
below the limits of environment those prey species that tend to exceed
food limits (deer).

Beyond biological considerations of predatory-animal control, four
conditioning factors are most important in formulating control meas-
ures: the shaping of attitudes; the primaey of economic interest; the
favor toward particular game species; and, last in order, the desire to
preserve,

Our attitudes toward predators border on biological nonsense. The
morality fables of Aesop and the fantasy of Mother Goose, learned in
early childhood, hopelessly precondition our views on predation. The
wolf in “Little Red Riding Hood” fares no better than the weasel in
Burgess’ “Danny Meadow Mouse.” The picture changes little in the
traditional folklore of seasoned hunters and outdoorsmen, and is fur-
thered by the adventure novelists. The real problems of the pioneer
were accepted as equally real by his descendants. When the larger
predators were eliminated, the smaller were accorded the more fear-
some attributes of their predecessors. A host of provocative words—
all better expressions of man’s feelings than of predators” performances
—were and still are used to describe predators: wily, cunning, bloody
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in fang and claw, sly, beady-eyed, slavering, ravenous, stock-killing,
cruel, treacherous. There are others. All have unpleasant implications;
several suggest that some animals eat meat, perhaps even human flesh,
that on some other occasions these animals skillfully take from us some-
thing that we want ourselves, and that their removal will ensure more
of this something.

We may be excused the foibles of our heritage. There is some basis
in fact for our fears. But we can excuse less well the propagandistic
use of these traditional fears by government control agencies. Theirs is
a calculated Mother Goose whose announced purpose is to “educate,”
but whose underlying purpose is to seek unquestioning support for
predatory-animal campaigns. Here is one sample, from the California
Livestock News (Jan. 21, 1958):

Wily coyote and stealthy bobcat numbers were vastly reduced by the day
in and day out efforts of hunters and trappers. ... San Diego County, al-
ways abounding with the coyote menace. ... Close by in San Bernardino
County, hunter got 111 of the dreaded livestock killers and worriers.

The quotation above is not an isolated one. This is the isual man-
ner of reporting by predator control workers. It is good politics and
poor biology, and economically it is supported only through im-
plication,

Where economic liability is clearly demonstrated and the individ-
ual owner takes steps to alleviate damage, predator control is easily
justiied. When problems of alleviation are particularly difficult and
affect many landowners, governmental advisory and service agencies
can reasonably be called upon. It is beyond this point that acceptance
of predator control ceases to be uniform. The common-sense “subsidy”
is now replaced with tax-supported agencies that assume the major
responsibility for depredation control. Increasingly, livestock growers
have come to expect total protection without individual effort. In many
areas special levies are assessed against livestock on a per-head basis
in partial support of control programs, but these levies rarely cover
as much as one-quarter of the cost. Commonly, predator control is
directly assisted by county and state funds allocated as bounties in the
name of game protection or through transferred funds initially justified
as disease control-program allocations. With rare exceptions, the only
beneficiary (even this is questionable) is the sheep or poultry pro-
ducer, who then has control work done for him “free.” The control
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work is, of course, by no means free, and when compounded with
subsidies of other sorts, it causes even a tolerant person to pause. The
situation is aggravated further by inordinate advantages to the few on
public grazing lands, on which totally tax-supported control programs
are conducted in the name of “multiple use,” while there is concom-
itantly an abrogation of responsibility for the total welfare of these
lands. That economic primacy is a justification cannot be argued; as
special privilege, however, it cannot be supported by the general
public.

Predator control is no longer supported as a general practice in
game production (Latham, 1952; Nagel et al., 1955). The bounty sys-
tem is now conceded to be conducive to fraud and economic waste and,
more important, to contribute no increased game numbers. It is still in
force for political reasons in many states and counties, but the weight
of accumulated evidence is against its value. There is also a diminution
of game-department funds transferred to the predator control activities
of other agencies and a decrease in the numbers of professional hunters
and trappers maintained by game departments. The wildlife manager
has now become convinced that predator control will serve his public
only in rare situations.

The preservation of predators is perhaps more difficult to under-
stand than is preservation of many other forms of life. Basically it
rests on two attitudes. The first is a mirror image of the Mother Goose
conditioning I mentioned. The sight of a grizzly bear at Yellowstone
Park, for example, conjures images of daring, primitive times. I vividly
recall my excitement when as a boy I first heard a mountain lion cry.
A coyote’s bark lends excitement and dimension to a still desert eve-
ning. Sport hunting of bear, lion, tiger, and so on is based on this
atavistic reaction. There is a general desire to keep many of the larger
predators. Their sight and sign are links with a past whose raw sim-
plicity has been traditionally romanticized.

The second attitude is more cohesive, less definable, and not so
common. This is preservation for its own sake. It matters little what the
species—ivory-billed woodpecker, bison, whooping crane, Sumatran
rhinoceros, timber wolf, or black-tailed ferret. Wherever possible, we
seek to avoid exterminating an entire species. Although local extinction
of species is an inevitable consequence of human occupation, western
culture is characterized by strenuous efforts to safeguard some mem-
bers of vanishing species in refuges and preserves. The attitude has
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spread rapidly throughout the world, perhaps as a derivative of Euro-
pean occupation, and is now being accepted as desirable policy by
indigenous, nonwestern governments. Taken together, these two rea-
sons for predator preservation are strong arguments against the erad-
ication philosophies espoused by some grower groups and reflected in
some public agencies.

The justifications for predatory-animal control and for opposition
to control are largely conditioned by the same factors. The justifications
are not, of course, of equal weight. The most tangible is economic
primacy. The basic assumption of public agencies responsible for pred-
ator control is that economic gain results from their programs. A
corollary assumption is that the hazards inherent in control programs
do not outweigh the benefits derived.

The first assumption rests solely on economics. It would therefore
be logical to expect that predator control programing would be argued
from a cost-benefit basis. Although a favorable ratio is implied, facts
to support it are not furnished. I think this practice is followed, first,
because only a small group of the producing citizenry is benefited.
Second, because, with benefits being so limited, proper data are not
collected to arrive at full and convincing conclusions on the economic
advantages of predatory animal control to society as a whole; third,
control officials know that producing groups and legislative bodies can
be manipulated by exploitation of traditional fears and precondition-
ing; fourth, a good many control officials are themselves victims of the
Mother Goose syndrome I have described.

Logic is not resorted to. Instead a kind of “numbers game” is played,
which, in consort with fear and implication, has led successfully to
continuous and expanding legislative support of control programs.
Here is an illustration from annual reports of the U.S. Fish and Wildlife
Service.

The year’s catch of predators taken through this cooperation aggregated
94,040, exceeding last year’s records by 4,751 and consisted of 88,844
coyotes, 1,360 wolves, 7,189 bobcats and lynxes, 392 bears, and 255 moun-
tain lions. Cooperative campaigns for rodent control involved the treat-
ment of 29,204,282 acres infested with prairie dogs, cotton rats, kangaroo
rats, and woodchucks, and of 237,788 premises for the eradication of com-
mon brown rats. [1938]

The number of predatory animals taken during the year under this co-
operative program was greater than ever before, judging by results in freeing
many stockmen of losses by predators. A complete count is impractical under
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the new methods now used, but the total of those counted was 112,996
(only 4,209 less than last year). The recorded take consisted of 103,982
coyotes, 1,460 wolves, 6,508 bobcats and lynxes, 909 stock-killing bears, and
127 mountain lions. In rodent control operations 12,079,044 acres of in-
fested land were treated for the control of prairie dogs, ground squirrels,
pocket gophers, jack rabbits, cotton rats, kangaroo rats, porcupines, and
woodchucks. . .. The Service is now in a position to supervise an effective
predator- and rodent-control program with an extent of national coverage

limited only by the amount of Federal and cooperative funds made avail-
able. [1947]

Other control programs, readily solved in sparsely settled areas where
highly toxic control programs can be safely used are vastly complicated by
increasing human population and the resulting competition for land use. The
greater intensity of land use calls for strenuous efforts by the Bureau to keep

abreast of multiple demands for animal control in an intreasingly complex
world. [1959]

Predator control “successes” are not recorded in this last report.
These are now left to regional reporters for publication. In November,
1958, for example, as reported in California Livestock News, 642 coy-
otes and 248 bobcats were taken in the state.

Nowhere in these and other reports of predator control organiza-
tions are full data presented permitting a dispassionate judgment of
the economic benefit of control. I have repeatedly tried to accumulate
such data through personal approaches to control administrators. They
seem neither to have the needed information nor to be convinced
that it is desirable to collect it. Dependence on “number-dropping,”
innuendo, and advantages extrapolated from predator reduction to
stockmen’s interests suffices for them. As indicated in earlier sections,
the actual costs of both predator and rodent control on rangelands
have in some instances been calculated by reliable authorities. Further-
more, it is known that improper use of land leads to increased competi-
tion among animals and to a general degradation of total productivity
on the land. Finally it is questionable whether there is proper balance
among the varied uses to which federal lands may be put.

I submit that numbers of animals taken, acreages treated, personnel
assigned, or, for that matter, monies spent do not constitute evidence
of damage alleviated. These factors are the simplest to consider but
do not reveal the entire picture. The few studies that have been made
of stock losses to predation suggest that economic gain in a wide sense
is doubtful. Unfortunately the agencies responsible for control pro-
grams cannot conduct truly critical investigations of their own opera-



218 | Ecological Relationships

tions. Nor could their conclusions presently be accepted wholly. As
Durward Allen (1954) eloquently understates the case, “It is well
known that popular reports in support of governmental control pro-
grams are not distinguished for being critically impartial.” Allen’s
book should be read by those who wish a more complete documenta-
tion of the facts and issues involved in animal control.

There is similar dearth of analyses describing whether the hazards
of control operations outweigh the benefits. Any benefits which may
ensue are far less estimable than is economic gain. In large part, haz-
ards are assessed by control workers themselves. The logical priority of
values, which assumes economic primacy, has been interpreted to mean
that other values are for practical purposes meaningless, or at best
liave meaning only as they figure in public and legislative contention.
The nature of these hazards is described in other connections elsewhere
in this book. What remains to be discussed here is what must be done
to ensure proper evaluation of mammal control requirements in the
field.

First among these prerequisites for re-evaluation is recognition that
research investigations relating to predatory animal control should not
end at efforts to kill more effectively. The research workers whose re-
sponsibility it is to alleviate animal competition with man should be
well-trained biologists, intellectually capable of exploring the full con-
sequences of the presence and controlled removal of animals, and ad-
ministratively freed to publish, practice, and indeed preach what they,
in good conscience, wish. This complex of capabilities is not now
commonly possessed by wildlife biologists in governmental employ.
Second, a derivative of the first, the representations of administrators
to the public and to legislatures should be offered not as fractional
segments of problems justified by iractional interests of society, but as
total appraisals, judiciously pinpointing where control is needed and
where its value is questionable. Third (since I am not such a visionary
as to believe that points one and two will be brought about by rational
objections and self-imposed reorientation within control agencies), the
entire subject of land use in relation to predator control should be fully
investigated by Congress, and the recommendations should include
that (fourth) the National Academy of Sciences-National Research
Council be requested to appraise the problem in all its aspects. On the
last point, the recently formed Committee on Pest Control and Wildlife
Relationships would be the logical nucleus for such a study. The study
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should be so amply supported that the many doubts now causing
dispute could after investigation be removed by fact, not argument. It
is high time to remove both folklore and inordinate special interest
from the operation of public predatory-animal control agencies.



17 - FOOD CHAINS AND PESTICIDES:
SUBSTITUTION AND COMPETITION

I]e greatest part of pest control effort is directed toward protection
of edible materials. Insects consuming part of a plant are analogous to
the coyote attacking lambs and the mosquito seeking a blood meal.
Plants are cultivated largely for human food, whether we consume the
plant food directly or through an intermediate converter (chiefly live-
stock ). Most animals that transmit disease normally do so in the process
of seeking food.

The basic requirement of pest control is understanding the food
relationships of animals. An important segment of this understanding
is the disturbance of food relationships resulting from pest control
measures. Included in food relationships are a welter of topical prob-
lems. Each of these problems is important, and sometimes controversial.
Rarely are they considered together. The following outline relates these
varied aspects of the basic theme.

220
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Direct responses to chemical control
Substitutions
Competition
Predator-prey interactions (see Chapter 16)
Indirect effects of chemical control
Transferred effects—food denial (see Chapter 18)
Transferred chemicals
Secondary poisoning (see Chapter 19)
Delayed expression (see Chapter 20)

Substitutions

The degree to which animals deprived of a favored food source are
capable of substituting another is an important consideration in estab-
lishing the benefits, hazards, and efficacy of chemical-control pro-
cedures. Lability of feeding preference ranges from the obligate feeder
(largely restricted to single species, perhaps even to single parts) to
the omnivore (limited only by its physical ability to obtain and digest
food). The consequences of such variability in animal food habits are
many, and are repeatedly touched upon in other contexts throughout
this book. Here I wish to present briefly some general features of the
food predilections of animals from which practical judgments can be
made.

Living plants are the source of food for most animals, Normally, a
carnivorous animal is only one or two steps removed from the plant
base. Plant-feeding animals constitute the first energy-conversion level
on which all predation and parasitism depend. Plants themselves are
adapted to live in the presence of animals, and indeed in many in-
stances it is clear that the species composition and appearance of plant
communities are shaped by dependent animals. Dependency is, how-
ever, mutual. Dispersal of seed, normal successional sequences, and
plant form and diversity are in large part maintained by animal com-
ponents of the biotic community. It has been noted that the angio-
spermous plants could have achieved their present diversity and
distribution only in the presence of mammals rapidly evolving in a
parallel way. The diversity of a community leads to the adaptedness
of its members.

Few plants can resist the depredations of animals, although many
have physical or chemical mechanisms that inhibit some kinds of
animal feeders. A great number resist certain types of insects. Toxic
plants are one indication of the adaptiveness of plants for resistance to



222 | Ecological Relationships

animal attack. Many common pesticides are “botanicals,” that is,
chemicals derived from plants. Some of these are now synthesized.
Pyrethrum extracts, for example, were used insecticidally for centuries,
long before the toxic constituents could be chemically identified and
synthesized. The clue to their pesticidal value came from simple, un-
sophisticated observation. Other botanicals are rotenone, ryania, and
red squill. Even Compound 1080, the most toxic of rodenticides in
use, is a naturally occurring organic salt. Nitrate and selenium poison-
ing in livestock are reflections of the ability of plants to concentrate
toxic materials. The urgency to control Halogeton and Klamath weed
is based on their toxicity to grazing animals. The planned selection of
resistant crop varieties is normally directed at particular disease or
insect pests. The base of such resistance may be physical impediment,
repellency, or toxicity. More commonly than not, the ability of resistant
plants to inhibit certain kinds of pests is clearly seen, but the mecha-
nisms by which it is achieved are poorly known and insufficiently
studied. (Martin, 1957b, has reviewed the chemical basis of “anti-
biosis” in plants.) The means by which plants have become adapted
to live in the presence of animals are extremely varied. It would seem
highly desirable to intensify research investigation on these means so
that full exploitation could be made of them in pest control.

The mobility of animals enables them to search, whether their “prey”
be animal or plant. The lesser searching abilities of some animals are
countered by high reproductive rates and mechanisms for passive dis-
persal. Invertebrate animals tend to be less opportunistic in their
feeding than vertebrates. Whether herbivore, carnivore, or parasite,
arthropods are generally obligated to a particular species or food type.
The complexity of the relationships to ensure food specificity is some-
times incredible. An example is the obligate sequences of host depend-
ence among parasites. Moreover, among insects, growth and resting
stages often present quite different forms and habits, each of which
may be food-specific and completely unlike others. In the species that
undergo metamorphosis (which include most insect pests) seasonal
adaptations are met by different stages in the life cycle rather than by
substitution of other food materials, as is normally the case with
vertebrates. The only shift of food preferences in vertebrates com-
parable to that of the cycling insect occurs at the time when the very
young lose parental dependence. From that time forward, opportunism
characterizes feeding habits, bounded only by the general nature of the
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animal. The general conclusion is that vertebrates are more able than
invertebrates (particularly insects) to substitute other species and
types of food.

The greater dependence of insects upon precise food sources in
sequences coordinated with stages in life cycle improves the likelihood
of their control. Insect control ideally aims at the most exposed link in
a specific food chain, thereby disrupting the entire chain. In control
of vertebrates, measures can rarely be so specifically exercised, and it
follows that the vertebrate pest is the target of control throughout a
greater part of its lifetime. Whether against insects or vertebrates, the
approaches to control also determine the attendant hazards. We shall
see some of these hazards in the examples that follow.

Food ranges among herbivorous insects vary widely with the species
(review by Thorsteinson, 1960). Monophagy and polyphagy are gen-
eral terms describing these ranges. The use of these terms does not
refute the general rule that, biologically, most insects are narrowly
bound at each stage in their life cycles to particular food substrates.
Their status, to production entomologists, tends to be judged an-
thropocentrically—whether the insects feed on one or more than one
crop species and whether they do so at intensities sufficient to be called
pests. The feeding specificity of insects is attested by the common
names of many species: Colorado potato beetle, spruce budworm,
wheat stem sawfly, lodgepole pine needle miner, alfalfa weevil, arti-
choke plume moth, etc. Insects attacking a wider range of crops seem
more commonly identified by vulgarized scientific names, morphologi-
cal tags, or country of origin. Examples are lygus bugs, “white grub,”
and Japanese beetles.

Chemical control usually aims at a particular pest species but does
so with nonselective insecticides capable of killing many other species.
If food substitution might occur, it can be obviated by resistant crop
varieties, by crop rotation, or by chemical maintenance of faunal
sterility. It is rather uncommon for a pest of one crop type to transfer
its major attention to another, and in any event what is termed a
polyphagous insect is not equally common or destructive to all species
on which it might feed. A species might be rated polyphagous ecologi-
cally, although it is economically monophagous or nearly so. Chemical
control would be infinitely more difficult were this not the case. In
other words, the magnitude of insect control problems stems from the
great number of narrowly adapted insect species and stages, not from
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wide-feeding habits or from an ability to substitute freely one food
type for another.

Selective-chemical treatment takes advantage of this limitation, and
biological control uses it as the rule. Successful weed control with
specific insects reduces the controlling insect to low numbers along
with its host plant. Similar specificity in predaceous and parasitic in-
sects results in low numbers of both pest and controlling species. In
one extreme case, biological control workers have even suggested
restoring part of the pest population in order to sustain effective
numbers of controlling species. Biological control depends on narrow
specificity of feeding (or of oviposition) to ensure reduction of pest
populations only. In ecological terms, the food chain is lengthened in
relation to a single prey species, but not extended to form additional
food-chain relationships.

The fact that food chains for insects are specific and identifiable
brings out an important hazard of nonselective chemical-control meth-
ods. The inability to confine killing to target species results in a loss of
beneficial controlling species. Their slower recovery in numbers, com-
pounded by the reduction of their specific food and their inability to
substitute other species as prey, leads to unrestricted growth of surviv-
ing pest populations and to diluted success where introductions of
predators and parasites are made. These effects are discussed in a
more detailed way in a later section (Chapter 21).

Although vertebrates are generally able to substitute foods more
freely than most invertebrates, there are many instances wherein this
compensatory ability has not been sufficiently labile to prevent food
shortage and starvation. The best evidence that this occurs is in verte-
brate populations that fluctuate greatly in numbers. Pitelka (1957)
emphasizes that lemmings increase to such high numbers that they
virtually destroy their food base. Three to four years are required
before both plant (lichens) and dependent herbivore can recover.
Avian and mammalian predators decline in numbers following a
lemming “crash.” The simplified tundra ecosystem presents little op-
portunity for substitutions of food.

In lower latitudes, where alternative plant and animal foods exist,
substitutions can be and are made. The ability to substitute is less im-
portant among herbivorous vertebrates, whose diet is relatively un-
specific, than in carnivorous vertebrates. Nonetheless, herbivores gen-
erally take foods that are abundant and change their diet as abundance
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changes. Deer in California, for example, eat more grass in late fall and
early spring than in other seasons. As bitterbrush leaders are browsed
off in spring and summer, foraging deer turn to new growth of less
favored shrubs and trees. Depredations of elk and deer on orchards
and forage crops lead to farmer complaints and attest to the ability of
ungulates to shift diet. Jameson (1952) has shown that in the white-
footed mouse (Peromyscus boylei) diet varies seasunally, depending
on preference and availability, and has demonstrated that two species
of Peromyscus living in the same area do not show parallel lability of
food substitution. Different population fluctuations within a single
rodent genus are therefore possible. Rodents in cultivated lands also
may shift diets opportunistically. Pocket gophers in seeded rangelands,
for example, prefer the fleshy vegetation and larger roots of perennial
species; but when the favored species are reduced by harvest, seasonal
decline, or selective removal by herbivores or herbicides, the gophers
turn to the less desirable annual plants. It is abundantly clear that rats
and mice will feed on a great variety of stored foods. Graminivorous
birds also show opportunistic response to available foods. Their diets
may depend variously on seeds, blades of grass, or invertebrates. Diets
of waterfowl show similar variation.

Carnivorous vertebrates exhibit a much wider latitude of feeding
preferences. For example, the major items of the diet of coyotes are
rodents and rabbits. Fruits will be taken in season. Carrion will be
eaten when available, and in some instances deer, domestic livestock,
and poultry are eaten. Rabbits are preferred, but ready availability
surmounts preference in determining the types of food eaten. Abun-
dance and availability also dictate the food of insectivorous birds.
There are many recorded examples in which birds have responded to
outbreaks of insect pests by concentrating in outbreak areas and
feeding exclusively on the pest insects (Cottam and Uhler, 1940). Here
are a few: gulls and the Mormon cricket ( Henderson, 1931); gulls and
a species of grasshopper (York, 1949); warblers in spruce budworm
outbreak areas (Dowden et al., 1953 ); several species of birds in locust
outbreaks (Smith and Popov, 1953); and many more are recorded in a
recent Russian summary (Poznanin, 1956). Similar concentration of
avian predators occurs at times of rodent abundance. The shifting
response of carnivorous fishes to available insect hatches is well enough
known to fishermen to require no additional comment.

When preferred foods decline in abundance and food predilections
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are limited, declines through food shortage and starvation must also
occur in the numbers of dependent carnivores. This pattern is seen in
many food interactions (see Errington, 1946). However, the substitu-
tion of other foods often prevents predator starvation or dispersal.
These shifts in food are sufficiently common to have given rise to formal
recognition in wildlife management of the concept of buffer species.
Buffer species are alternate foods on which predators depend in times
of low densities of preferred prey. Predators can thereby remain in an
area and check an increase in prey numbers as it occurs, The literature
of game management contains many illustrations (see, for examples,
Errington, 1946, and Scott, 1943).

Generally little use has been made of artificial accommodation of
conditions to maintain predator densities in pest control programs. In
some cases creation of suitable nesting and roosting sites has brought
about increases in bird populations. Canadian Forestry workers have
exploited a similar idea among insectivorous mammals, Rodent control,
on the other hand, has not been distinguished by imaginative attempts
to provide alternate prey species or suitable protection for predators.
An interesting exception has been offered by D. E. Davis (1957), who
conducted a deliberate experiment and analysis of cat-rat relationships.
By providing an alternate food ( commercial cat food ) when needed, he
maintained a high predator population (cats) in relation to a prey
population (rats around farm buildings) that was kept low by the
cats. Rat populations exposed to the artificially sustained predator
declined earlier in the fall and did not increase as rapidly as usual in
the spring. Experiments of this character are valuable but rare. I
would like to see this type of experiment extended to field, range, and
forest.

Food shortages resulting from control measures must be common,
though few studies have focused on the problem. Cited later in this
chapter are several studies dealing with changes in entire populations.
The normal measure of food shortage is the percentage reduction of a
population. The judgment is, of course, total and terminal. The precise
mechanisms by which population reduction is ensured are described
only grossly by such terms as food shortage and starvation. There are,
nonetheless, several studies suggesting that chemical controls might
logically induce a food shortage. The clapper rail, a marsh bird, de-
pends largely on fiddler crabs as food (Oney, 1951). Chemical treat-
ments of marsh areas have repeatedly been shown to result in virtual
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annihilation of these crustaceans ( Rudd and Genelly, 1956; Harrington
and Bidlingmayer, 1958). Mollusks and annelid worms, which are
relatively untouched by control chemicals, are not readily utilizable by
clapper rails. No study has been made that would delimit the extent of
population reduction in the treated areas, however probable it may be
that reduction occurs. Catastrophic reduction in crayfish numbers and
their slow recovery followed a low-level DDT application over Illinois
woods and ponds. This loss of crayfish deprived a high raccoon popula-
tion of a staple item of diet (Couch, 1946 ). Foxes in England, follow-
ing severe reduction of rabbit numbers by myxomatosis, turned for
food to small rodents, poultry, and game birds. These alternate food
sources are not sufficient “buffers,” and fox numbers are declining.
Fishes are particularly sensitive to contact with chlorinated hydro-
carbon insecticides, and near-total fish-kills are common. A host of
fish-eating birds are affected by the removal of a prey type for which
others cannot be substituted.

I might in summary restate the main points on food substitutions.
Generally speaking, arthropods are closely tied to particular food
sources; this specificity is an advantage viewed in terms of their con-
trol. The same specificity is an ecological hazard if chemical treatment
results in the removal of beneficial insects. Vertebrate animals, on the
other hand, are only broadly linked to food types, and commonly vary
their diets as availability dictates. This opportunism has repeatedly
been shown to be valuable in pest outbreaks. Rarer, but not so im-
portant, is the fact that vertebrate opportunists take desirable plants
and animals as food, usually only when their foods of choice are de-
pleted. The economic liability of vertebrates is countered by the esteem

in which vertebrates are held as a group. In contrast, arthropods are
not highly regarded.

Competition

Previous sections described competition in its broader meaning,
Usually, however, the word is limited to specific kinds of competitive
relationships in forestry and in wildlife and range management. Birds
and mammals—many of which are game species or otherwise valued
—are commonly concerned. In these matters, the problem is to main-
tain high numbers of favored animals while limiting their depredations
on crop or timber species. For example, deer will feed regularly in
alfalfa fields, orchards, or regenerating forest plantations. Waterfow!
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occasionally cause considerable damage to cereal or vegetable crops.
Upland game birds or songbirds may damage agricultural crops in a
number of ways. The relationship differs from insect depredations on
plants chiefly in that most birds and mammals are accorded particular
esteem. Moreover, applied biologists who deal with bird and mammal
depredations differ markedly from other pest control workers by reason
of their values, training, and professional alliances. The problems of
these workers are many and difficult.

Equally challenging is the question of herbivore competition on
grasslands. I wish to dwell on it here because I consider it one of the
most misunderstood phases of pest control. Far too much ignorance,
misapplied biology, and contention surround the question.

Let us observe the drama of the grasslands. Our stage is the natural
grasslands throughout the world. To these many millions of acres must
be added the lesser millions that have been put into pasture or that
can be converted into partial grasslands. In California, for example,
vigorous programs are under way to “improve” some 20 million acres
of chaparral or brushland by converting it into grassy cover. The
problem of herbivore use of forage grasses is compounded by the
ownership of land. The United States Department of Agriculture and
Department of the Interior control some 400 million acres of land,
chiefly in the western states. Almost half this total is open to livestock
grazing; management of all is intended to be guided by a concept of
widest use but multiple purposes are not commonly accepted by
private owners of grazing land. Similar conflicts of purpose are found,
but with no less intensity, in lesser acreages in parks, refuges, and
military reservations in all parts of the country.

The heroes and heroines of the drama are the ungulates who con-
vert forage grasses into useful animal products. These products are
chiefly meat and animal fiber from domestic animals, primarily sheep
and cattle. The maintenance of wild ungulates, chiefly the cervids,
deer and elk, derives from their importance in hunting, recreation,
scientific investigation, and species preservation.

The presumed villains of the piece are insects, rabbits, rodents, and
occasionally deer, which divert forage into unusable channels or which,
as often charged, contribute to the deterioration of grazing lands. The
marginal villains are the predatory mammals that complicate the plot.

An analysis of competition, thus limited, begins at its simplest with
the question whether the various herbivores actually do compete with
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one another. The derivative questions are many and varied, often
molded by the special interests of particular groups. Here are a few
questions to illustrate the spectrum of problems:

Are high rodent populations a cause or an effect of range deteriora-
tion?

Can grasshopper outbreaks be linked to overgrazing and other land
abuse?

Do cattle, sheep, and deer eat the same foods, thus competing for
forage?

Why is it that once-good grazing lands can become unproductive,
rapidly eroding semideserts?

How can one distinguish the deteriorating effects of recurring
drought from those produced by herbivorous animals?

Do native herbivores contribute to the formation of good grasslands
(through soil formation and stabilization, seed dispersal, fertilization,
plant stability, and so on)?

Can abused rangelands be restored to former productivity?

Do predatory mammals keep range rodent populations in check?

Are range insect and rodent control programs biologically or eco-
nomically sound?

To what extent should tax funds be used to maintain commercial
grazing interests on public lands?

The questioning could go on. The answering is far more difficult and
involves social, economic, biological, and aesthetic valuations. I cer-
tainly will not attempt conclusive answers, nor do I believe that anyone
can now offer generally acceptable solutions for the many problems
faced in grassland management. For background, a reader should refer
to the summary treatments of Dasmann (1959 ), Darling (1956), E. H.
Graham (1944), Koford (1958), and Sampson (1952). The following
brief account centers on the concepts and practices particularly im-
portant in range pest control.

Much range damage comes about because of a failure of range own-
ers to realize that each area of range has a limited carrying capacity.
Carrying capacity can be defined as the number of grazing animals that
can be maintained in good condition without damage to soil or range
forage. Grasses can withstand only a limited amount of pressure.
Perennial grasses produce a surplus of foliage, which can be safely
removed. The foliage of annual grasses can theoretically be totally
removed after seed formation. In both instances, however, a portion
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of foliage must remain to provide soil protection and permit seed
germination. The species of grasses are not uniformly resistant to
grazing pressure. Some are hardy; others, easily destroyed. The species
composition frequently changes in response to overuse and to the
introduction of non-native species. Sustained abuse has the effect of
keeping the plant formation at early successional stages. Under these
conditions, introduced species dominate more easily since they are not
members of the normal successional sequence. By this process, once-
climax grasslands may be altered into quite different, though relatively
stable, formations. These disturbance climaxes are now common sub-
stitutes for original grasslands. Even the complete removal of livestock
does not lead to re-establishment of original climaxes. In California, for
example, rangelands have gradually become stable annual-grass com-
munities unlike the original cover. Range-management efforts now
concentrate on making the most of these new community compositions
or on attempts to restore, through introduction, grasslands approximat-
ing the original character. Livestock are, of course, also introduced.
Introduced plants and grazing animals have thus changed climax rela-
tionships. Reduction in numbers of large native herbivores has been
more than matched by “introduced” numbers of domestic livestock.
Changes in grassland composition, particularly those associated with
overuse by domestic animals, have resulted in shifts of relations among
smaller native herbivores, sometimes to damaging proportions (see
Chapter 15). In some countries exotic introductions have seriously
damaged productive grazing lands, beyond abuse of lands by over-
grazing livestock. Examples are Opuntia cactus and the European
rabbit in Australia.

The extent to which native rodents compete with livestock for forage
has particular economic significance. It is clear that indigenous rodents
often increase in number in the presence of grazing. Jack rabbits in
Arizona, for example, were most common in moderately grazed lands,
less abundant in lightly grazed lands, and quite rare in excellent
rangeland from which livestock had been excluded as well as in range
which had been totally depleted by serious overgrazing (Taylor et al.,
1935). In the days before human settlement the habitations of prairie
dogs depended on localized damage by bison to the original short-
grass prairie. The conversion of original prairie to cattle grazing,
widely attended by overuse, furthered both extension of range and in-
crease in numbers of prairie dogs (Koford, 1958; R. E. Smith, 1958).
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On desert rangeland in New Mexico, jack rabbits and several species
of rodents were more common in heavily grazed areas (Norris, 1950).
Ground squirrels and kangaroo rats thrived best in areas of moderate
to intense grazing pressure, according to Fitch and Bentley (1949).
The pocket gopher was more abundant and destructive in mountain
meadows that heavy grazing had caused to revert to early successional
stages characterized by weedy forbs and grasses (Moore and Reid,
1951).

It is also clear from the above accounts that increased rodent num-
bers following intensive use of rangeland do pose problems for the
livestock grower. Considered over a broad area, rodents on well-
managed grassland are neither abundant nor particularly competitive.
On heavily grazed areas a variety of animal “weeds” become abundant
and do in fact remove forage that presumably could have been used by
livestock. The restoration of poor range to good productive status is
often hindered by rodents. In the absence of population control, a
relatively stable, early successional (hence poor) stage can be main-
tained. On very poor range, rodents and rabbits can contribute to
further deterioration, thus ultimately leading to their own destruction.

In no case has it been shown that the primary cause of range de-
terioration is range rodents. On the contrary, the presence of intro-
duced livestock, often out of all proportion to the carrying capacity
of the range, initiates the deterioration which in turn contributes to
the prosperity of range rodents and rabbits, The large native ungulates
that cattle replaced produced only local responses of this kind. In con-
trast to cattle, they were nomadic, they fed selectively, and only in a
few places did they exert continuous grazing pressure.

Acknowledging that range rabbits and rodents do in some instances
compete for forage and that in most instances the presence of rodents
interferes with the restoration of desirable range composition, we are
left with an important practical question. Is it economically feasible to
reduce (usually with poisoned bait) rodent and rabbit populations on
rangeland? Several considerations go into an answer. It must be estab-
lished that competition exists in significant proportions. Ignorance
and exaggeration complicate this judgment. Normally, maximal or
potential damage is reported as if it were uniform and commonplace.
In an excellent study, Fitch and Bentley (1949) followed small plot
enclosures stocked at unusually high densities of single species of
rodents for several years and showed that damage to forage was
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significant. Although the authors carefully qualified their results and
warned against undue extrapolations, their figures are widely circulated
as evidence of serious damage to rangeland. Under more representa-
tive conditions, Norris (1950) concluded from eight years of study that
rodent control had no purpose in well-preserved rangeland, and that
the continuous poisoning necessary to increase forage yields on poorer
land could not be economically justified. Vorhies (1936) calculated
that to remove the number of black-tailed jack rabbits equivalent to
one cow would cost $47.36—at a time when livestock brought perhaps
$25 a head. Often overlooked—and in need of further serious study—
are the beneficial contributions of range animals. These may be greater
than generally believed. For example, Bond (1945), in a thoughtful
review, has suggested that rabbits and some rodents may assist the
recovery of range. By exerting differential pressure on preferred food
plants typical of disturbed areas, they may actually speed the return
of climax grasses. Additional beneficial values might include fertiliza-
tion, seed storage, soil aeration, soil turnover, and water percolation
(see, for example, Formosov and Kodachova, 1961).

In special situations, where range restoration has value beyond graz-
ing or where conversion of cover type results in relatively high pro-
ductivity, control may be both required and economically feasible.
Nonetheless, the blame for high populations of rodents, low carrying
capacities, and deteriorated ranges should be placed squarely where it
belongs. This sickness of land is due primarily to overstocking; rodents
and rabbits are secondary factors. I can do no better than to echo the
thought of the eminent range ecologist, W. P. Taylor: The best control
for range rodents is a three-strand barbed-wire fence.

Advocacy of broad-scale range rodent control continues and is in-
creasing. There is as yet no effective method of controlling established
range rodents other than poisoned grain baits. Currently, the chemical
chosen is Compound 1080. Hand application can be economically justi-
fied only where labor cost is low. In view of prohibitive labor cost the
trend is toward aerial distribution over large acreages (Howard et al.,
1956). In more restricted situations toxaphene, dieldrin, and endrin
may be applied as mammal poisons. Advocates are most commonly
found in colleges of agriculture and in governmental agencies, and are
guided, single-mindedly and without ecological awareness, by live-
stock grazing interests. The furtherance of these programs is abetted
by strong livestock organizations and by legislatures, particularly in
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the western United States, dominated by livestock interests. Consider-
ing that control by government agencies costs the livestock grower
almost nothing, this is not surprising. Support for the control of range
rodents seems readily available; money for investigations and appraisal
seems strangely scarce.

Herbivores other than rodents also compete for range forage. Native
ungulates are frequently charged with serious competition with sheep
and cattle, The charge is partially correct, but overstated. Sheep,
cattle, and deer do at certain seasons eat the same foods. William
Longhurst (personal communication), of the University of California’s
Hopland Field Station, concluded after many years of study that sheep
and deer do not compete as much as is generally believed, deer being
seasonally far more selective feeders. Buechner (1950) has shown that
pronghorn antelope in Texas do better on rangeland grazed at moder-
ate, rather than light, intensity by cattle. Deer also seem to increase
following some changes in range use. The fact of competition is well
established; its degree is probably rather consistently overdrawn. In
this country the remaining native ungulates are carefully managed as
far as crop damage is concerned, and in no instance is poison an instru-
ment of management. Contact between crops and deer is best avoided
by fencing and reduction in numbers achieved by shooting. The com-
monly accepted desire to maintain native ungulates at maximum con-
venient numbers softens their competitive position in relation to live-
stock.

The competition between livestock and insects (grasshoppers) can
also be severe but is more apt to be occasional. Much the same condi-
tions favoring increase of rodents bear on irruptive increases of grass-
hoppers on rangeland, but in addition these insects respond to aridity
of climate. Their occasional increase to devastating numbers, coupled
with changes from sedentary to migratory habits, has been noted
throughout recorded history. (In common use, “grasshopper” refers to
insects at low density in sedentary populations; “locust,” to migrating
swarms. ) Qutbreak levels normally develop at focal points that widen
over successive years. Migrating swarms may travel hundreds of miles,
frequently causing catastrophic damage to field crops and native
vegetation en route,

Throughout the world grasshoppers (or locusts) thrive best in open,
semiarid country with sparse vegetation. Oviposition and nymphal
development are favored under these conditions. Environmental factors
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that produce these conditions are of two kinds—periods of drought,
which cause reduction of vegetative cover and encourage drying out
and cracking of land, and practices of grazing and cultivation that do
the same.

Recurring droughts are strongly linked to periodic outbreaks of
grasshoppers ( Gunn, 1960). Recall that these insects are always present
in low numbers in those areas where outbreaks occur. Their sudden
increase is the natural product of induced biotic simplification caused
by climatic extremes. In the United States the main area where exces-
sive numbers occur is in the northern Great Plains states. The “Dust
Bowl” produced both migratory grasshoppers and migratory workers.
Grasshoppers, however, occur widely throughout the United States.
Sedentary populations responsible for crop losses find favorable sites
for oviposition along roadways, ditchbanks, and other disturbed but
uncultivated fringes adjacent to croplands. The simple expedient of
planting uniform grassy covers reduces their numbers by discouraging
reproduction.

The continuous intensive use of rangeland, always subject to pro-
longed periods of low rainfall, contributes also to production of a
favored environment for grasshoppers. There can be little question
that overgrazing by livestock leads to overgrazing by grasshoppers. Nor
does it seem questionable that, for the reasons mentioned, the periods
between damaging levels of grasshopper numbers are shortening.

Several observers have noted the direct relation between livestock
and grasshopper numbers, Grasshoppers in Kansas were few in un-
grazed lands compared to the numbers in immediately adjacent heavily
grazed areas (R. E. Smith, 1958). Weese (in Taylor et al., 1935) noted
that orthopterans (grasshoppers) in Oklahoma were eight times as
abundant on overgrazed lands as on conservatively grazed lands. The
connection between range depletion and outbreak of noxious grass-
hoppers in British Columbia has been clearly traced by Treherne and
Bucknell (1924). They report in sum, “Judicious management of cattle
within selected grazing limits is the keynote of success in grasshopper
control on the range.” On other continents too, the densities of grass-
hoppers of some species can be related to the presence of livestock. In
North Africa, for example, the Moroccan locust thrives on the denuded
stony deserts heavily grazed by sheep and goats (Uvarov, 1957). In
eastern Australia the locust plagues are to a large extent man-made, and
have become greater since the country was settled by Europeans
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(Clark, 1947 ). Continuing outbreak centers have come about because
of clearing and because of the excessive use of grasses by sheep, cattle,
and rabbits. Certain kinds of grasses preferred by locusts for food and
shelter were carried to Australia on the wool of sheep, and have further
enhanced the welfare of these insects. It would seem from widely
separated reports that grasshopper numbers are significantly associ-
ated with intensive use of grazing land. Perhaps here, too, the three-
strand barbed-wire fence can be called upon to control these animal
“weeds.”

In practice, however, grasshoppers and locusts are now controlled
by broadcast chlorinated hydrocarbon chemicals covering millions of
acres annually. Ecological concepts of control, considered before
World War II, are now scarcely recognized, much less put into prac-
tice. On our western rangelands, grasshopper control programs have
for the last several years depended on a 2-ounce-per-acre aldrin spray.
Many millions of acres have been covered, some repeatedly, in this
way. The biological causes of outbreak have not been corrected, nor is
there much investigation of the biological effects of this spray regime.
As in range rodent control, the specialist operates single-mindedly for
temporary alleviation of economically damaging numbers, uncon-
cerned with the potential of ecological management to solve the prob-
lem permanently.

Basically, the need for pest control on rangeland as now conceived
is a consequence of overuse of land. The semiarid lands of the world
cannot sustain the sedentary pastoralism that we have come to think
of as desirable. Whether in Israel or New Mexico, the results of con-
tinuous intensive grazing are painfully apparent. The lessons seem not
to have been learned well. What I have been describing as “competi-
tion” is only a symptom of land abuse. Only lessening of this abuse will
prevent further impoverishment and deterioration of rangeland. Present
range rodent and insect control practices are, at best, palliatives.



18 - FOOD CHAINS AND PESTICIDES:

TRANSFERRED EFFECTS
OF CHEMICAL CONTROL

An}r animal reflects in some way any change in the food supply to
which it is adapted, and we depend on this fact in a variety of cultural
and biological control techniques. It should surprise no one that the
same kind of response occurs in all species of animals adapted to or
favoring particular types of food. However, the fact seems not widely
appreciated that any means of control that even temporarily removes
large segments of food populations must inevitably have its conse-
quences on the feeders. Chemical control, particularly, while remov-
ing most of a pest population also effects reductions in populations of
other species in the area under treatment. Food shortages must follow,
which, if extreme, lead to debility, starvation, or emigration. The re-
sponses of an individual animal thus affected may be immediate, but
not uncommonly they are delayed for considerable periods and ex-
pressed in ways that at first sight may not seem associated with the
initial cause. In this section I wish to emphasize that the problems of
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food shortage induced by chemical agents are not imagined or theo-
retical, and that they are frequently disguised and delayed. Direct
toxic effects of chemicals on the feeding species are not now under dis-
cussion,

Earlier I described how many birds and mammals were attracted to
concentrations of prey species. Conversely, a prey population suddenly
depleted by broadcast chemical treatment cannot sustain its feeders.
If sufficiently mobile, the feeders will leave a treated area. This move-
ment has been repeatedly observed among insectivorous birds (see
Rudd and Genelly, 1956). For example, there was no mortality ap-
parent among birds on Montana rangeland following a single applica-
tion of Sevin at one pound per acre for grasshopper control. Yet, within
two weeks of spraying, bird counts on the study area dropped from
173 to 30 (DeWitt and George, 1960). In another instance, again with
no visible mortality, all insectivorous birds, except woodpeckers, left
within three days when an Illinois bottomland was treated in midsum-
mer with DDT at one-half pound per acre (Couch, 1946). Not all
birds are able to leave an area under treatment, however, and all are
restricted during the breeding season. In birds as in other animals
there has not been sufficient study of the immediate reactions of seden-
tary species to a food supply suddenly reduced. In many reports in
which declines in numbers are noted after a few days, the decline is
generally ascribed to direct toxic action of the chemical applied. I
suspect that food shortage, rather than direct chemical toxicity, is often
responsible for observed mortality. Effects of this kind are more apt
to occur among weakened, rapidly growing, or very young animals,
and will have ever greater significance as the size of area under treat-
ment increases.

The effects of food shortage are more clearly seen over longer pe-
riods. For convenience, these may be referred to as seasonally delayed
effects, although the effects may be felt for several subsequent seasons.
In all known instances, sedentary species have shown the main re-
sponses. In one sense they are captives of an ecosystem—species
strongly dependent on a single type of food or physical environment.
Normally, chemical reduction of food sources has little immediate im-
pact during the more productive seasons. When the reduced food pop-
ulations are carried over to adverse seasons and are rendered less avail-
able by seasonal inactivity, the combined reductions—chemical and
natural—can produce wholesale starvation, This sequence has been
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observed in a number of cases and is one of the more serious problems
of chemical use (see Rudd and Genelly, 1956: pp. 75-76).

One of the best illustrations comes from an extensive die-off of fish
in the Yellowstone River drainage following a spruce budworm treat-
ment in midsummer with DDT (Cope and Springer, 1958). Three
months after spraying (in October), large numbers of trout, white-
fish, and suckers, including many young of the year, were found dead
along more than a 100-mile stretch of the river. Reduction in numbers
of aquatic invertebrates was great. The loss of food, perhaps not seri-
ous while additional insect hatches were appearing in the summer
months, became critical when cold weather reduced hatches to zero.
In this instance, as in many others, the mobilization of fat reserves con-
taining low levels of DDT may have contributed to the mortality,
There is abundant evidence that this happens under starvation condi-
tions in the laboratory. To separate analytically all influencing factors
under field conditions is virtually impossible.

Additional studies in Montana and Wyoming have confirmed that re-
ductions in numbers of aquatic invertebrates, and subsequently verte-
brates, are great following nearby pest control treatments ( Cope, 1960,
1961; Graham and Scott, 1959). Although few fish succumbed to the
standard DDT treatment immediately after spraying, late-season die-
offs did again occur. In this instance, DDT residues were found in all
fish, but the disparity of amounts, con.bined with many ecological vari-
ables, did not warrant direct correlation of DDT and delayed fish mor-
tality. In two intensively studied streams game fish populations de-
clined seriously. Average decline was 75 per cent the second year after
treatment. Food abundance, type of food organisms, and tissue con-
tamination all seem to contribute to these declines.

A similar pattern emerged from forest-spraying operations on the
Miramichi River in New Brunswick (Kerswill, 1958). There the target
was, again, the spruce budworm, but in contrast to most forest spray-
ing in the United States, the application rate was only 0.5 pound of
DDT per acre. Mortality was heavy among young Atlantic salmon
(to 91 per cent) and aquatic invertebrates (100 per cent for some
types). Late-season starvation further lowered numbers among the
survivors of chemical treatment, Adult salmon in the stream at the time
of spraying were not affected. The hazard here lies in mortality of
young, which would go to sea for periods of one to four years before
returning to fresh water to spawn. Efforts are now being made to re-
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stock populations of the larger aquatic insects in order to provide
ample food of appropriate size for older age groups of salmon. The
combined effects of direct kill and starvation have already significantly
reduced the sizes of salmon runs. In 1962 the run was less than 20 per
cent of normal (Kerswill, personal communication).

Delayed effects of this kind are not limited to fish and fish-food or-
ganisms, but are most pronounced in them. The edges of waters treated
with insecticides show catastrophic reductions in invertebrate num-
bers. Crustaceans are particularly susceptible to poisoning. I have pre-
viously described heavy crayfish losses in fresh waters, and noted the
heavy dependence of raccoons on these crustaceans. The unusually
high mortality of tidal-marsh crustaceans, along with the probable
food shortages that face birds and mammals feeding on them, has also
been described. In these instances studies have not been carried far
enough to determine the exact effects that continued low supplies of
food have on their dependent populations.

Chemically induced food deprivations among terrestrial faunas sim-
ilarly occur. One study indirectly suggests that food limitations may
have important long-range effects on bird populations. A scrub forest
in Maryland received five annual applications of DDT at the rate of
two pounds per acre. An overall decline of 26 per cent occurred in the
local populations of birds in a four-year period (Robbins et al., 1951).
In the studies relating to fire ant control it is very clear that reductions
have occurred in many animal types (DeWitt and George, 1960). In-
sects and all vertebrate groups have responded by sustained declines
in numbers. In the presence of a stable chemical applied at relatively
high rates it becomes diflicult to quantify the separate contributions of
chemical toxicity and of induced food loss with observed declines.
Both contribute, but the degree to which each plays its role is con-
jectural. Probably one merely reinforces the other.

The significance of food reduction may not become clear in a single
year's study. Most investigations are limited to single seasons at best
and, more frequently, to immediate “before-and-after” checks. This
type of study has value in some situations, but cannot be extrapolated
to judge effects of large-scale applications of residual chemicals or
even long-range effects of less stable chemicals, Logic and current bio-
logical knowledge are sufficient to suspect serious derangements of
fauna, although intensive studies extended over several years may be
lacking, The emphasis on the direct-killing ability of chemicals is
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partly a product of preconditioned attitudes similar to the Mother
Goose indoctrination I described earlier. But starvation and death in-
directly derived from chemical treatment connote no prettier picture,
whether or not visible to all. Delayed losses and faunal derangements
require much more study. They are, I believe, vastly underestimated.



19 - FOOD CHAINS AND PESTICIDES:
TRANSFERRED CHEMICALS AND
SECONDARY POISONING

Death of an animal from eating a poisoned animal is a case of sec-
ondary poisoning. In commonest use, a simple one-to-one relationship
between target species and the animal that feeds upon it is intended,
The contamination of tissue with pesticides from a food source may or
may not qualify as secondary poisoning. When such contamination
kills at a much later date (as I have described), then it qualifies as
secondary poisoning, whether or not food shortages, growth demands,
or climatic stresses call the stored poison into play. For convenience,
however, this phenomenon is better described as delayed toxicity. Sim-
ilarly the transferral of chemicals along food chains in a way that kills
only the terminal member is a secondary poisoning which I have called
delayed expression; it is described in the next chapter, For simplifica-
tion of discussion here, I have restricted the definition to that kind of
relationship in which both animals die. Sublethal poisoning in the sec-
ond animal must certainly occur in nature, but I have no data confirm-
ing this.

241



242 | Ecological Relationships

Inherent toxicity or ability to poison animals beyond the initial tar-
get is not possessed by many poisons, but several poisons in common-
est use do have that character. While not all methods of applying
chemicals lead to likely transfer to a second species, enough do to
make secondary poisoning a serious problem. The general require-
ments for secondary poisoning are use of a highly toxic chemical; rela-
tive stability of the chemical in living tissue; a food relationship be-
tween “target” species and feeder; a “bait” substance (usually) that
not only attracts target species but concentrates the chemical.

To my knowledge, secondary poisoning in the field has been demon-
strated among insecticides only with DDT, aldrin, dieldrin, and Systox
and among rodenticides with zinc phosphide, strychnine, thallium, and
Compound 1080. Other chemicals do indeed have the ability to poison
secondarily, but such occurrence has not been observed in nature,
Generally speaking, only the mammal poisons consistently and pre-
dictably pose the hazard. Because of the nature of their targets they
must be highly toxic and stable, and presented on attractive foods
(baits).

Secondary poisoning has figured in these major animal couplets:

Systox-poisoned insects and insect predators

DDT-poisoned insects and trout

DDT-poisoned insects and amphibians or reptiles
DDT-poisoned fish and aquatic reptiles

DDT-poisoned insects and both nestling and adult birds
1080-poisoned rodents or carnivores and carrion-feeding birds
Thallium-poisoned rodents and raptorial birds
Thallium-poisoned rodents and small carnivores

1080-poisoned rodents and coyotes or foxes

1080-poisoned rodents and domestic animals (dogs, cats, pigs)
Warfarin-poisoned rodents and domestic animals

Aldrin- and dieldrin-poisoned wood pigeons and carnivores (including birds

of prey)

The control methods that presently give rise to potentially serious
secondary poisoning are: aerial spraying over forests, particularly
where there are watercourses; poisoned grain baits in rodent control;
poisoned flesh baits (stations) for carnivore control; toxic dressings on
planted seed in cropland; systemic insecticides used con field crops.

Rarely has the question of secondary poisoning of insects been ex-
amined. However, when the systemic insecticides were offered as se-
lective agents killing sucking insects and sparing their predators and
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parasites, some workers questioned whether the chemicals were quite
so harmless to beneficial insects as suggested. Until about 1954 litera-
ture on the effects of systemic insecticides on beneficial insects was
confusing and inconclusive. It appeared from circumstantial evidence
that secondary poisoning did occur among some species of predators
exposed through their prey to certain kinds of chemicals, Ahmed et al.
(1954) then clearly demonstrated that the larvae of several species of
syrphid flies were highly susceptible to cotton aphids that had been
killed by Systox. Some larvae of coccinellid beetles were also highly
susceptible. In no case did the adults appear to react to the presence
of Systox in their prey. Since his return to Egypt, Ahmed (1955) has
confirmed this accounting with other species, with other systemic
chemicals, and in a different environment, Even with these results, it
is better to report that the extent or severity of secondary poisoning
.among insects is not known. Apparently it has not been observed to
occur following applications of classes of chemicals other than “sys-
temics.”

After many years of experience with forest-spraying regimes, it now
seems reasonable to conclude that secondary poisoning of fish occurs
consistently but is not of major proportions. Insect victims of forest-
insect control are regularly fed upon by fish. Susceptible fish are pri-
marily those that feed at the surface on adult insects knocked down
from the forest cover. Presumably, these insects carry more DDT on
their bodies than is required to kill them. Although aquatic nymphs
and larvae are themselves fatally affected by DDT, they do not have
a significant surface contamination. They are not “poisoned bait,” as
are insects killed in air. Moreover, surface-feeding fishes must fre-
quently break the oil “slick” that accompanies DDT spraying over
forests. This twofold contamination appears to be responsible for such
fish mortality. Langford (1949), for example, noted that speckled trout
(Salvelinus) were particularly susceptible to secondary poisoning,
This observation has been confirmed since in other areas.

Poisoning is aggravated when these conditions are met and young,
weakened, or partially starved fish feed on poisoned insects (Hoff-
mann and Surber, 1949a). Here too, aerial contamination of insects is
required before toxicity appears. Bass, bluegill, and crappie were all
killed in this fashion, with bass the most susceptible.

The same set of conditioning factors must explain the few reports
of secondary poisoning of frogs, turtles, and water snakes. Herald
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(1949) attributed deaths among two species of turtles to consumption
of DDT-killed bluegill. Of four snakes that ate frogs poisoned by eat-
ing DDT-killed insects, one died (Logier, 1949)—an example of ter-
tiary poisoning. There are other instances in which amphibians and
reptiles have been the apparent victims of secondary poisoning, but
it is probable that their habit of surface feeding contributed to
mortality.

Mammals do not seem to feed extensively on DDT-killed insects.
Birds frequently do, and secondary poisoning of small insectivorous
birds has been reported in a few instances. No doubt, tissue contami-
nation commonly follows ingestion of poisoned insects, but secondary
poisoning appears to be rare among well-fed adult birds. In nestling
birds, and perhaps in fledglings growing rapidly, secondary poisoning is
more likely and has been described in several instances. George and
Mitchell (1947), for example, placed nestlings on a minimal diet consist-
ing entirely of DDT-killed insects, and significant mortality resulted. In
other instances, no apparent effect of treatment under field conditions
at usual application rates could be observed. I suspect that here, also,
special conditions must be met. Higher application rates are probably
required to produce a general hazard to young birds. Because nesting
habits of birds vary greatly, the likelihood of direct contamination
must also vary. Among insectivorous species the incidence of secondary
poisoning is probably greater in those species with exposed nests.

Treating seed with fungicides and insecticides is a rapidly expanding
practice. Birds that eat broadcast seeds treated with mercurial com-
pounds frequently die. In Finland, Sweden, England, and the United
States noticeable losses of birds have followed field applications of
seeds treated with mercury compounds, aldrin, and dieldrin. Unques-
tionably, tissue contamination is present among the survivors. What is
less clear is the likelihood of secondary poisoning from these seed
“dressings.” Falconers in England suspect that carnivorous birds have
died from eating wood pigeons that had been feeding on dieldrin-
coated seed. Recent information from England (Ministry Agr., Fish,
and Food, 1961) confirmed that losses of seed-eating birds had been
unusually heavy in the three preceding years, and that, moreover, sec-
ondary poisoning was likely among carnivorous mammals feeding
upon them. Foxes and badgers have died in some numbers in areas

where primary poisoning of birds has been severe. Both field observa-
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tions and chemical analyses support the suspicion that secondary poi-
soning is common.

Rapidly acting secondary poisoning from insecticides seems unlikely
among warm-blooded animals, according to published information.
The fact of tissue contamination is another thing. I think it possible
that secondary poisoning might operate in the presence of slowly ac-
cumulating pesticides (such as chlorinated hydrocarbons) in a manner
not unlike the “delayed expression” to be described in the following
chapter: All the conditions would be met for the restricted definition
of secondary poisoning previously offered, except that the time inter-
val would be extended. Although there is now no confirming evidence,
I suspect that this variety of secondary poisoning might be important;
and if it exists, it is potentially very serious. This is true because seed
treatment and crop spraying are regular practices, at least once per
year, on croplands—in contrast to the occasional timing of forest
sprayings. The gradual build-up of pesticides to toxic levels in tissues
requires a continuous source of contamination.

Large-scale rodent control enterprises are at present the most seri-
ous source of rapidly acting secondary poisoning. In this country,
range and field rodent campaigns have been directed largely against
ground squirrels, prairie dogs, pocket gophers, and voles. The smaller
range rodents have recently become targets for extensive treatment.
Compound 1080 is currently the chemical of choice in this country, as
it is in Australia and New Zealand where larger herbivores (deer,
opossums, and European rabbits) are subjects of intensive control.
Thallium, once widely used in the United States, has been almost
totally replaced by Compound 1080. Thallium is still commonly used
in Europe. Flesh baits used in predatory-mammal control are respon-
sible to a lesser extent for the secondary loss of carrion-feeding birds
and mammals.

Since a previous study has reviewed secondary poisoning from mam-
mal control campaigns in some detail (Rudd and Genelly, 1956), I
shall not discuss it extensively here. Furthermore, the methods and at-
titudes of mammal control have already been described (see Chapter
16). Here, then, I shall indicate the main groups secondarily affected,
and give some estimates of probable loss.

Birds of prey have been killed by ingesting poisoned rodents. Some
species seem more resistant than others. Eagles and the small hawks,
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I would judge, are more sensitive than the broad-winged hawks.
Eagles, for example, have been killed by prairie dog control campaigns
{Arnold, 1954). In Europe, kestrels have been killed in some numbers
by thallium-poisoned mice. Owls have been killed in the same way
(Steiniger, 1952). Gulls, where they concenirate at sites of rodent
abundance, have been killed following control efforts. Apparently, not
all members of an exposed bird population are equally susceptible, but
the reasons for this differential susceptibility are not known. The ex-
tent of prior starvation is possibly critical.

Carrion-feeding birds preferentially feed on entrails and gastric con-
tents rather than entire carcasses. Eagles, vultures, ravens, crows, and
magpies have been commonly observed feeding on poisoned rodents
and carnivores in this way. Only the vultures are spared the ill effects
of poisoning, because of their ability to regurgitate easily, Poisons are
concentrated in the viscera of their victims. This unassimilated portion
may be sufficient to kill a carrion-feeder, Moreover, most target ani-
mals in the field probably consume more than a lethal dose. Herein lies
a problem. Extrapolations of laboratory-derived toxicity figures to
field conditions have ignored the excessive amounts probably taken,
stressing only minimum lethal doses of chemicals. The illusion of safety
thereby created (sometimes, I think, intentionally) very likely conflicts
with actual hazards.

Secondary poisoning of mammals, particularly canids, is a usual con-
sequence of field rodent control campaigns. Foxes, coyotes, and do-
mestic dogs are particularly susceptible to indirect 1080 poisoning.
Many control officials believe that ground squirrel poisoning with
Compound 1080 is the cheapest and most effective approach to coyote
control. Shortly after field trials with 1080 began, Kalmbach (unpub-
lished) estimated that rodent control may effect a 30 per cent reduc-
tion in the coyote population of treated areas. Wallace, more recently
(cited in Longhurst et al., 1952), believed that as much as 90 per cent
of a coyote population is removed in some areas by ground squirrel
control. Whatever the estimate of reduction, the regular occurrence of
secondary poisoning must be accepted as fact. Foxes and skunks have
also been found dead in treated areas, and it is presumed that poisoned
rodents were responsible. On these and other small furbearing mam-
mals there is no good study that would indicate the extent of popula-
tion loss. It is, however, probably less severe than that among coyotes,
and is more apt to be localized in its expression.
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The actual extent of secondary poisoning occurrences is not known.
Only in the coyote example do we have a measure of its influence on
population numbers. I have no doubt that it is more common than
current appraisals indicate. The increasing use of Compound 1080
would seem to ensure widening secondary poisoning in mammals. The
difficulty of arriving at proper appraisals in a field investigation is ob-
vious to biologists. Such an appraisal is further hampered by the differ-
ing viewpoints regarding mammal control and control methods. The
agencies responsible for control are the least likely to provide the ap-
praisal.



20 + FOOD CHAINS AND PESTICIDES:
TRANSFERRED CHEMICALS AND
DELAYED EXPRESSION

Nﬂt only can a chemical demonstrably be passed from the tissues of
one living thing to another, as we have just seen, but also it can be-
come increasingly concentrated as it is passed through a food sequence.
Ultimately it may produce death. The two-link transferral in which
both members die we have described as secondary poisoning. Delayed
expression, as I use it here, describes the transferral along two or more
links of a food chain in which only the terminal member dies. The
conditions that allow secondary poisoning also apply here, although,
rather uniformly, an initially less toxic chemical is in question. Too
high a toxicity does not spare the first link in the chain. In delayed ex-
pression, tissue contamination, but not death, must occur in at least
the first one or two links. Because the initial toxicity is lower, a chem-
ical must be concentrated at each successive step in its transfer for
ultimate toxicity. Each member that concentrates a toxic chemical in
its tissues is spoken of as a biological concentrator.

To review our definitions for clarity: Secondary poisoning concerns
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two animals, both of which die but neither of which necessarily con-
centrates a toxic chemical in its tissues. Delayed toxicity also concerns
two members, the first of which may not die and the second of which
dies only when the chemicals stored in tissues are mobilized during
periods of environmental or physiological stress. Delayed expression
normally adds at least one more member to the food chain, and it is
only this last one that shows symptoms of poisoning. The poisoning
may be lethal to this member or to its young.

Delayed expression as used here emphasizes death of the terminal
member. It should be clear that the sequence in most instances is
more complex than described here. Biologically, a food relationship is
required with the earlier links unresponsive to stored chemicals, and
all links showing a marked degree of obligation to particular food
types. Sublethal symptoms possibly appear early in the sequence, but
they have not been observed.

The delayed expression of toxic symptoms among biological con-
centrators of pesticides is a serious problem primarily because it is
insidious. It goes unnoticed until mortality results, and even then the
cause of mortality may often not be suspected. The problem becomes
all the more serious when delayed expression is traced back to the
chemical-control practices from which it arose: Approved and recom-
mended procedures have produced it. Most applications are at low
rates shown to be “safe” or at worst to be minimally hazardous. All
employ the stable chlorinated hydrocarbon insecticides in widespread
use. In many situations, repeated use of these chemicals is the rule. In
some instances, particular programs using stable insecticides extend
over millions of acres annually, and, when coupled with the known
accretions over many years of use, constitute wide and continuing
sources of ecological contamination. The illustrations below were
barely hinted at twelve years ago, and only in the past few years has
their significance been established. Delayed expression is a result of
the general distribution of stable pesticides. I have no doubt that it is
more profound and more widespread than the examples below in-
dicate.

The greatest hazard accrues with repeated applications of stable
chemicals. Time between applications, dose rates, and the stability of
residues must be taken into account in assessing hazard in specific
situations. Biologically, concentration is most likely in “closed” eco-
systems, that is, where obligate feeding relationships exist in environ-
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ments that effectively confine chemical residues. Stable bodies of water
are the most probable sites, but, as will become clear, residue concen-
tration can occur in other sites where conditions are met.

The economic significance of delayed toxic expression of biologically
concentrated chemicals will vary with region, intensity of land use,
diversity of fauna, and attitudes. It ranks with insecticide resistance
as one of the greatest biological problems yet to appear from chemical
pest control. It is particularly important to the wildlife biologist. Un-
fortunately, wildlife does not share the legal controls that presumably
ensure safe limits to human tissue contamination. In view of the gen-
eral occurrence of contamination with pesticide residues, I must also
express doubt that human “safe limits” are properly recognized, Cer-
tainly the processes by which both human beings and wildlife acquire
tissue contaminants are the same, Only the amounts differ.

New approaches will be required to determine the nature and eco-
nomics of delayed expression. Specific investigations will necessitate
a greater variety of specialists, all of whom must appreciate ecological
complexities. More money and time must be devoted to investigations
of this kind, since short-term work on isolated facets cannot lead to
comprehension of the general problem. A drastic reorientation will be
needed in pesticidal field investigations before the full significance of
delayed expression can be assessed.

Six examples of delayed expression, three each from aquatic and
terrestrial communities, are described below. They are not equally
supported by fact, but ecologists will agree, I am sure, that the se-
quences are reasonable. Only small gaps in information remain to be
filled; the evidence for delayed expression of transferred chemicals is
no longer tenuous. Heading each example is a simplified diagram in-
dicating the presumed pathways of transferred chemicals. We may be
quite sure that chemical effects ramify more widely than is shown,
but there is yet no evidence confirming that this is true. The point at
which mortality occurs is indicated by boldface capital letters. Direct
mortality, where it occurs immediately following chemical applica-
tion, is also shown in boldface type, but will not be discussed here.

Delayed Expression in Aquatic Communities

Example 1 —The death of fish-eating birds following DDD applica-
tions to control gnats at Clear Lake, California.
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Clear Lake is a shallow, warm body of water of about 46,000 acres,
100 miles north of San Francisco. Its high productivity is reflected in
excellent sport fishing, one of the attractions that has made Clear
Lake an important tourist and recreation center. Unfortunately, insects
also share this high productivity. The Clear Lake gnat (Chaoborus
astictopus) particularly qualifies as a serious nuisance. Although it is
not blood-sucking, its numbers during the warmer months are so great
that it becomes an intolerable nuisance. Efforts to’ control the gnat
have been made for many years, but it was not until 1948 that an ef-
fective method not hazardous to fish was found. The target zone was
the bottom muck of the lake in which the gnat larvae develop. DDD
—a near relative of DDT—was applied to the surface of the lake and
mixed in as much as possible. A concentration of one part DDD in
seventy million parts of water was sufficient to kill larvae. It also killed
large numbers of other aquatic invertebrates, but did little immediate
harm to fish populations. An application of DDD was made to the lake
in September of each of the years 1949, 1954, and 1957. The second
and third applications were at the higher rate of one part DDD to fifty
million parts of water. The first Chaoborus kill was 99 per cent, but
within three years numbers were again high. In 1954 a second applica-
tion also produced a 99 per cent kill. Numbers recovered yet more
rapidly after this application, and a third, in 1957, was not so success-
ful in Chaoborus control. Adverse weather was one reason offered, but
the rapid recovery of gnat numbers and the lesser immediate reduction
suggest resistance to the insecticide.

Before the first application more than 1000 pairs of western grebes
( Aechmophorous occidentalis) bred at the lake; next year the summer
breeding colony did not return. To the time of this writing it has not
been re-established. A few pairs (15-20) of birds were present during
the breeding seasons of 1958-60, but no young were brought off. In
1961, 16 nests of western grebes were found, but no young were
fledged. One young bird was seen in 1962. Three young were ob-
served in 1963. Grebes had continued, nonetheless, to visit the lake in
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large numbers during the winter. In December, 1954, death among
these grebes was widespread; over 100 were known to have died, A
later die-off occurred in March of the following year. In both instances,
wildlife-disease biologists could find no evidence of disease. Following
the third DDD application, in December, 1957, a third die-off was ob-
served. Disease was also looked for on this occasion, and not found. As
an afterthought, the visceral fat of two grebes was removed and ana-
lyzed for DDD. The astounding level of 1600 parts per million was
found in these tissues—a concentration 80,000 times as great as that
applied to the lake. Contaminated food was judged to be the source.
This conclusion initiated the collections that were to make clear the
sequence of biological concentrators, which perhaps constitutes thus
far the best example of the delayed toxic expression of transferred
chemicals. Collections of many kinds of fishes and other organisms
have been made since 1958, and will continue until no trace of DDD
can be found in tissues. Upon recommendations of the Lake County
Mosquito Abatement District, no further applications of DDD to the
lake have been made.

Hundreds of specimens—plankton, fish, frogs, and birds—from Clear
Lake have now been chemically analyzed. All contained DDD. Analyses
center on fishes, for it is in them that most chemical concentrating
takes place. But birds are not the only fish-eaters; so also are many thou-
sands of the people who visit Clear Lake annually.

In general, the range of DDD in these fishes is 40 to 2500 parts per
million, Most DDD is found in the fatty tissues, which represent the
main source of contamination. Birds, of course, eat whole, usually
small, fish. DDD values recorded from visceral fat (in parts per mil-
lion) therefore provide a minimum measure of contamination to birds.
The ranges of observed contamination are in Table 17.

Human feeders discard a large portion of the fish, including some
parts where DDD is most concentrated. We might expect therefore
that human fish-eaters would be spared very high levels of contamina-
tion, and indeed they are. To assess hazard to human beings, only DDD
in edible flesh need be considered. But the levels of DDD in edible
flesh are still substantial, and many are above the maximum tolerance
level of 7 p.p.m. set by the Food and Drug Administration for DDD
residues in marketed foodstuffs. Only commonly eaten species are
listed in Table 18. Cooking reduced values by only about 10 per cent.
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Analyses of the fatty portion of edible flesh naturally yielded much
higher values than did entire edible flesh.

Contamination is not equal in all fishes, Those that are plankton
feeders or herbivores store less, as do younger fish of all categories.
Storage is maximal and average contamination greater among preda-
ceous fishes. To illustrate, largemouth bass which hatched seven to
nine months after the last DDD application showed a range of DDD
in edible flesh of 22 to 25 p.p.m,; fish a year older, 25 to 30 p.p.m,
and six-year-old fish, an average of 138 p.p.m. Sacramento blackfish,
which are plankton feeders, showed values of 7 to 9 p.p.m. in young
which hatched several months following the third application of DDD.
Old blackfish, in contrast, had two to three times this range in edible
flesh. These values indicate only that human beings do ingest residue-
contaminated flesh. They give no real measure of the amount of the
residue eaten. Fish-eating birds and fishes will, of course, consume
larger amounts of DDD.

TABLE 17 TABLE 18
Concentration of DDD in visceral fat Concentration of DDD in edible flesh
of Clear Lake fish of Clear Lake fish
Concentration Concentration

Species (p.p-m.) Species (p.pm.)
White catfish 80-2375 White catfish 1-196 ®
Largemouth bass 1550-1700  Largemouth bass 4-138 1
Brown bullhead 342-2500 Brown bullhead 12-80
Blackfish T00-983 B]uegﬂl 510
Bluegill 125-254
Carp 40 ® Most above 20.
Frogs 5 t About half above 20.

The initial source of contamination in the food chain is plankton. At
Clear Lake, floating algae are often so abundant as to color the sur-
face of the water. A composite plankton sample had a contamination
value of 5.3 p.p.m.

In the following sequence I have taken some license to arrive at
single numbers describing the factorial increase in concentration over
the original source of contamination in a simple food chain. These are
maximal estimates. We begin with a calculated contamination of water
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at 0.02 p.p.m. DDD. In vertebrates, only the concentration of DDD
in visceral fat is considered.

Plankton—265-fold
Small fishes—500-fold
Predaceous fishes—85,000-fold Predaceous birds ( grebes )—80,000-fold

Warm-blooded animals are more susceptible to ingested poisons
than are cold-blooded. However, it is only the route of intake—inges-
tion—that spares the fishes. Gill-breathing animals are particularly
susceptible to chlorinated hydrocarbon insecticides in the surrounding
water. A fivefold to tenfold increase of DDD in the water (ie., 0.1-
0.2 p.p.m.) would be quite enough to kill all fish in the lake. The rela-
tively low mortality to fish following standard applications of DDD
is prima facie evidence that the water itself does not contain immedi-
ately hazardous amounts of DDD. Although no fish deaths have been
observed from these high levels of stored DDD, one may not conclude
that no hazard exists. The likelihood of further contamination to thresh-
old toxic levels has not been explored, nor have the effects on breed-
ing success or survival of young,

A great deal more remains to be learned from this example, even
though no further contamination from chlorinated hydrocarbon in-
secticides is planned. For that matter, the effects on fish-eating birds
were probably far greater than pictured here. Only western grebes re-
ceived systematic attention, yet the populations of egrets and herons
are also much lower than in former years. Logically, these too must
have gone the way of the western grebe, but only indirect evidence
brings us to this conclusion. Pesticide-wildlife problems are too often
defined as narrowly as the pest control procedures responsible for
them.

The Clear Lake accounting, incomplete as it is, still stands as a fas-
cinating example of the complexities of chemical transferral in living
systems, and as a pointed warning to professional workers not to over-
simplify their solutions to pest control problems, ( Data for this section
come from Hunt and Bischoff, 1960; Lindquist and Roth, 1950; and un-
published material of Hunt and Bischoff and of A, H. Miller. )
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Example 2—The death of fish-eating animals following applications
of toxaphene at 2 pounds per acre to land for insect control, residues
subsequently finding their way into water.

Toxaphene (others?)

Land—Water—Algae—=Zooplankton—=Fishes—=FISH-EATING VERTEBRATES

An unusual mortality In many species of fish-eating birds was first
noticed in May, 1960, on Klamath Basin refuges administered by the
U.S. Fish and Wildlife Service. Within a short time 307 birds were
found dead. The majority were picked up on the Lower Klamath
Refuge on the northern California border. The numbers and species
—all fish-eaters—were distributed as shown in Table 19,

TABLE 19
Species distribution of dead birds found on
Lower Klamath Refuge

Species Number
White pelicans 156
American egrets 84
HSEH.ELI.“S“ 34
Black-crowned night herons 12
Western grebes 12
Double-crested cormorants 5
Great blue herons 3
Snowy egrets 1

Wildlife-disease experts were immediately called in for consulta-
tion, but no disease symptoms could be found. Alerted by the Clear
Lake experience and having observed apparent symptoms of chlori-
nated hydrocarbon poisoning, the experts had chemical analyses made
of tissues of the two species most commonly found dead. The liver of
an American egret was found to contain 50.2 p.p.m. of toxaphene. The
liver and kidney of a white pelican contained contamination levels of
2.9 p.p.m. and 23.4 p.p.m., respectively. The suspicion became stronger
that poisoning, not disease, was the cause of this die-off.

The predominant fishes in ponds and drains at these two refuges are
cyprinid minnows, chubs of the genera Gila and Siphateles. Other
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genera are present, but the two named seem to be the favored foods
of most piscivorous birds. Water level and flow in the refuge are closely
regulated, tied to agricultural irrigation on and off the refuges. A con-
siderable amount of refuge waters flow from surrounding cultivated
land.

Pesticides had been used in and around the refuges for many years.
DDT had been used for 19 years, and aldrin and toxaphene extensively
in recent years, though over lesser acreages. Toxaphene had been
aerially applied in 1958 at two pounds per acre to control cutworm on
a 1500-acre tract bordering the main breeding areas. Other chlorinated
hydrocarbon insecticides had been commonly used in adjoining agri-
cultural lands., Therefore, both the source and the occurrence of in-
secticide poisoning were established.

A series of poisoned birds was subsequently analyzed for tissue con-
tamination, Most contained toxaphene. The kidneys, for example, of a
white pelican analyzed contained 14 p.p.m.; an entire American egret
contained 17 p.p.m. toxaphene. Grebes, terns, and herons also con-
tained toxaphene in amounts ranging up to 39 p.p.m. But residues of
other insecticides were discovered in tissues. The American egret just
mentioned had, in addition to toxaphene, 138 p.p.m. DDT and 52
p.p-m. DDD, or a total of 207 p.p.m. of chlorinated hydrocarbon resi-
dues. The subcutaneous fat of a western grebe contained 39 p.p.m.,
348 p.p.m., and 302 p.p.m. of toxaphene, DDT, and DDD, respec-
tively, a total of 689 p.p.m. Other birds showed similar patterns of con-
tamination. Although separation of effects from the various toxicants
was virtually impossible, toxaphene was judged to be the chief cause
of mortality because of its higher toxicity and its known application
within the refuge in large amounts two years before. Disease was ruled
out as a cause because of the absence generally of disease symptoms
and the observation of poisoning symptoms (Keith, personal com-
munication ).

Thus far we have concluded that deaths resulted from pesticide
poisoning, probably from tissue accumulations of toxaphene and pos-
sibly with supplemental effects from other contaminants, Can we con-
clude that delayed expression of transferred chemicals was the prob-
able route of exposure? The first fact to recall is that the nearest heavy
application of insecticide occurred almost two years before. From
other experience with toxaphene, one may conclude that at least three-
quarters of the toxaphene residues had disappeared within a year’s
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time. Even if this fact is discounted, an application of 2 pounds per
acre would not produce residue levels in soil or on foliage of the
amounts recorded in bird tissues. Biological concentration had to be
responsible; confirmation awaited chemical analysis of earlier links in
the food chain. In due course, analyses were made. Simplified, they
are presented in Table 20.

TABLE 20

Maximum concentrations of pesticides in Klamath Basin organisms, given in
parts per million (total weight)

Organism Amount of residue (p.p.m.)
Algae 0.1-0.3 toxaphene
Snails; Daphnia 0.2 toxaphene; 0.7 DDE (DDT by-product)
Small fish 3.0 toxaphene; 0.2 other
Larger fish (8 inches) 8.0 toxaphene
Fish-eating birds 39.0 toxaphene; 138 DDT; others also

These values appear to be much below those recorded in the Clear
Lake study. Had visceral fat samples been used throughout, the values
would have been more nearly comparable.

The probable sequence was further documented by tissue contami-
nation levels found in animals with different feeding habits:

Plant-feeding birds (coots) Trace or no contamination
Birds feeding on small aquatic and terres-
trial animals (eared grebes) 0.5-4.0 p.p.m. toxaphene
Fish-eating snake (garter snake) 3.2 p.p.m. toxaphene
Fish-eating birds 2-56 p.p.m., including two or
more residues

Particularly thought-provoking was multiple contamination of the
ovaries of a double-crested cormorant, For the entire bird the residue
contamination was 2.2 p.p.m. toxaphene and 2.4 p.p.m. DDE. De-
veloping eggs in the ovary of this bird, however, contained 20 p.p.m.
toxaphene and 12 p.p.m. each of DDT and DDE. The bird was ap-
parently healthy when shot. At this time we can only surmise the pos-
sible adverse effects of multiple high-level contamination on this bird’s
breeding abilities. We do not know the extent of similar contamination
throughout any wild population, nor could we discriminate with as-
suredness chemically caused impairments of functions from those
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caused by other factors. I have no doubt that such residue levels have
important, albeit disguised, effects (data chiefly from Pillmore, 1961).

Example 3.—The loss of birds following two toxaphene applications
to eliminate fish from Big Bear Lake, California.

Toxaphene

! /BIRI'JS
Water———=Aquatic p]ants;—Fish—FISH-EﬁTING BIRDS

Zooplankton

In 1960 toxaphene was applied twice to Big Bear Lake in San
Bernardino County, California, in attempts to eliminate populations
of “rough fish” (2 species of goldfish) inhibiting trout fishing. The two
aerial applications brought the total rate of application to 0.1 p.p.m.
in the shallower portion of the lake and 0.2 p.p.m. in the deeper. Tox-
aphene is a very effective fish poison, and at these concentrations most
fish were killed. Shortly after the application a number of birds died.
Sick and dead birds were reported for a period of weeks thereafter.

In this instance mortality apparently came from three causes, whose
separate contributions are difficult to establish. Direct poisoning ap-
parently caused the death of fish and some birds. Within a few days of
the poisoning a noticeable film of oil covered portions of the lake. The
oil presumably came from the bodies of decaying fish. The oil film
itself apparently water-logged many birds, and it may well have con-
tributed to a greater assimilation of toxaphene, The likelihood of de-
layed chemical expression is suggested by the high values of toxa-
phene found in tissues. Over two hundred birds were found dead.
Some fifty dead coots probably died from acute poisoning. No dead
birds were analyzed chemically. Living birds, shot and analyzed, had
tissue contamination (in parts per million) as shown in Table 21.

Arranged in food sequences, toxaphene contamination increased in
this fashion (given in p.p.m.):

Aquatic plants (Potamogeton) 0.03
Zooplankton (Daphnia) 0.73-0.97
Fish flesh 3-21
Birds, fat 13-1700
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Of two gulls shot and analyzed, one had been banded in Montana
and the other in Idaho. This indicates, as is now recorded in so many
instances, that migratory birds are an important means of dispersing
chemical residues widely.

TABLE 21
Tissue contamination in surviving birds near Big Bear
Lake
Species Toxaphene in tissue (p.p.m. )
White pelican, fat 1700
White pelican, liver 6
Ducks, fat 12-69
Gulls, fat 39
Eared grebes, fat 33
Terns, fat 13

Trout could not be introduced into the lake for sixteen months fol-
lowing the application; repeated trials showed that the water con-
tinued to remain toxic to fish (“hot,” as the fisheries biologists put it).
Meanwhile, the study of contamination continues. It is probable that
delayed expression contributed to observed mortality and may yet
cause additional mortality. However, trout introduced into the lake in
late 1962 survived; no poisoning of birds was observed in 1963 (data
unpublished; from E. G, Hunt).

Delayed Expression in Terrestrial Communities

Example 1.—Mortality among birds many months after the applica-
tion of DDT at 2-5 pounds per tree to control bark beetles.

DDT
BIRDS

Tree—Leaf Litter—Soil—Earthworms—ROBINS; OTHER BIRDS

Only a few years ago the accounting I am about to give would have
seemed incredible. Now, both the fact of extensive losses of birds and
the routes by which loss is caused are carefully documented. The only
unknown features remaining are why pest control workers failed for
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so long to concede that loss was occurring and what the actual losses
in bird numbers must be. The truth has finally penetrated control
circles, but the total losses of birds cannot be known. Probably they
range into millions. Among current control programs only the fire ant
control campaign can have had effects as great.

The data now available are too voluminous to record here in detail.
A reader should certainly investigate the following references to ap-
preciate the importance of this problem: Barker, 1958; Benton, 1951;
Blagbrough, 1952; Hickey and Hunt, 1960; Hunt, 1960; Mehner and
Wallace, 1959; and Wallace et al., 1961. Other work in progress will
swell the documentation. The main emphasis here will be on the chain
of chemical transferral leading to the delayed expression of toxic
symptoms and mortality in birds. Other aspects of the problem are
treated in only a general way.

The fungus that causes Dutch elm disease was discovered in the
United States only 30 years ago. Since the early recognition of the
disease in Ohio and New York, it has swept through some 20 states,
leaving behind millions of dead and dying elm trees. DDT gave
promise of controlling the two species of bark beetles primarily re-
sponsible for the spread of the fungus. Dutch elm disease control pro-
grams were quickly put into effect by many communities, with some
local success. Nonetheless, the affliction continued to spread. In 1949 it
had reached Illinois; in 1950, Michigan; in 1956, Wisconsin; in 1957,
Iowa. Removal of affected trees controls the disease effectively, as
does also the less toxic methoxychlor. Unfortunately, both of these
control methods are more expensive than DDT applications. Most or-
ganized community programs in the Middle West depend on DDT for
control, following state and federal recommendations for formula-
tions, dosages, and methods of application, Foliar sprays are no longer
used; dormant sprays are depended upon. From the point of view of
chemical transferral it makes little difference whether the trees are
sprayed in April or October, but most communities now have turned
to spraying after leaf-drop in early fall and, depending on weather,
throughout the winter. The conditions for delayed expression remain.

Although bird mortality from DDT spraying of elms had been re-
corded in 1947, not until 1950 were the observations begun that led to
discovery of the transferral of DDT through biological concentrators
in a food chain (Barker, 1958). In 1949, when the University of Il-
linois campus at Urbana-Champaign was first sprayed to control
phloem necrosis, very few birds died. Dutch elm disease, however, ap-



Delayed Expression | 261

peared shortly thereafter and required additional spraying. Several
months later dying robins were noticed on the campus before the spring
spraying program began. Dying birds were frequently reported after
rains; hence, it was suspected that water puddles on contaminated
soils contained DDT. Analyses of the water showed only traces of
DDT. Food was turned to next as a possible source of DDT. In the
summer of 1950, earthworms were collected for analysis, and in due
course the presence of DDT in them was chemically established. Many
chemical analyses were made in the next two years, and these con-
firmed the cycle of chemical transferral diagramed at the beginning of
this section.

A series of robins and other vertebrates analyzed for DDT and its
metabolic derivative DDE established the presence of chemical resi-
dues in a number of internal organs. In Table 22 are a few examples of
concentrations in organs of animals found dead or dying.

TABLE 22

Concentrations of DDT and DDE in internal organs of
vertebrates following bark beetle control

Amounts (p.p.m.)

Tissue Species DDT DDE
Brain Robin 28 11
Robin 90 252
Rock dove 4 175
House sparrow 167 29
Starling 0 29
Gray squirrel 4 0
Liver Robin 19 T44
Heart Robin 127 120

Chemical analyses of various organs in earthworms collected after
early summer spraying revealed DDT in all. The range was from 4
p.p-m. in the ventral nerve cord to 403 p.p.m. in the crop and gizzard.
All organs except the ventral nerve cord contained levels greater than
48 p.p.m. The analyses of various annelid worm species showed com-
parable levels of contamination in all. Six specimens collected before
the first spray in 1951 (8 to 9 months after the nearest prior spraying)
had average overall residue contaminations of 86 p.p.m. of DDT and
33 p.p.m. of DDE.
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The theory that DDT was the chemical agent causing death and
that the earthworm was the toxic carrier seemed nearly proved. A
chemical cycle needed only its intermediate steps confirmed. Ulti-
mately these were also established. A complete sequence of contami-
nation, transferral, concentration, and mortality could now be con-
structed. The steps may be arranged in this order:

Elm tree 2 Ibs. or more of DDT per tree in
summer
Soil surface 1.3 lbs. per acre
Top two inches of soil 5.9-9.5 p.p.m. DDT; 0.7-5.4 p.p.m.
DDE
Leaves following spraying 174-273 p.p.m. DDT; 9-20 p.p.m.
DDE
Leaves after leaf-drop, several months 20-28 p.p.m. DDT; 1-4 p.p.m.
later DDE
Earthworms, immediately after spray- 33-164 p.p.m. DDT; 3-73 p.p.m.
ing DDE

Earthworms, several months later 86 p.p.m. DDT; 33 p.p.m. DDE

Robins returning for nesting in the spring following the summer’s
sprayings were therefore presented with a favored food that had con-
centrated DDT by at least a factor of 10 over that present in soil. In
other terms, a diet of 100 earthworms contained more than 3 mg. of
DDT, a lethal dose to a robin. The individual organs of the robin pos-
sibly concentrated the chemical slightly more, but for general com-
parisons the levels of contamination in earthworm and robin were the
same. Presumably the more complex nervous system of the robin suc-
cumbs more swiftly than that of the earthworm to insecticides whose
primary action is on the central nervous system. Yet, the population of
earthworms seems to be declining on the University of Illinois campus.
Possibly they too have their limits,

The facts of mortality and of delayed chemical expression at its root
being established, the next question is extent of population loss. A
mortality offset by good nesting success will produce no declines in
average yearly numbers. But an excessive mortality combined with
no or poor nesting success can result only in rapid decline in popula-
tion size,

Precipitous declines among many species of birds have in fact been
the rule where Dutch elm disease control with DDT has been repeti-
tively practiced. Wallace et al. (1961) record a decline in numbers of
robins on the main campus of Michigan State University, dropping in
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three years from 370 to 15 to 4 birds. Nesting failures were more
startling; virtually no broods were brought off during the years after
spraying began. Hickey and Hunt (1960) estimate total robin mor-
tality to be at least 85 per cent for each spraying. In several Wisconsin
communities consecutively sprayed for three years, total breeding-bird
populations were reduced by 30 to 90 per cent. Where there were as
tew as 10 elm trees per acre and these were sprayed annually, the drop
in population was about 90 per cent,

Although robins seem to be the most obvious victims of DDT treat-
ments for Dutch elm disease control, many other species are affected
and there is no doubt of widespread declines in affected avifaunas.
Wallace et al. (196l), for example, have compiled a list of 94 species
of birds found dead or dying in treated areas. Samples of 41 of these
species have been analyzed; 34 of the species contained DDT. Fore-
most among the affected species are the ground feeders, followed
closely by foliage-feeding orioles, warblers, and vireos, and less com-
monly by bud-feeders and bark-foraging species. Curiously, several
species of carnivorous birds were also found dying with tremors, and
chemical deposits were found in many individuals. Screech owls were
commonly found dead or dying, but no one can say precisely what the
route of poisoning was. Secondary poisoning is a possibility, but it
seems more likely to me that this species at certain times of year also
feeds on earthworms, and therefore its route of poisoning would be
similar to that of robins. This conclusion is circumstantially supported
by the observation that dead screech owls were found after a period
of unusually heavy rains which brought large numbers of earthworms
to the surface (Hickey, personal communication). The death of large
hawks and owls cannot yet be understood. But, whatever the feeding
group or the manner of poisoning, it can be convincingly demon-
strated that bird populations have been widely reduced.

The question, as frequently posed, is not simply one of choice
between the elm trees or the birds. Advocates of the cheapest existing
control methods present it in this way, but they make a basic error in
doing so. Neither safeguarding trees nor safeguarding birds can be
justified on strictly economic grounds, but both are valued for the
comfort and pleasure they afford; both must be sateguarded. If neces-
sary, more expensive measures must be called upon to do this, The
search for acceptable, economical, and simple control methods must
go on for the best interests of all. Unquestionably, DDT treatment has
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resulted in saving many elms and in slowing the spread of Dutch elm
disease. But the treatment has also resulted in rapid declines in bird
populations. Control purposes should never be defined so narrowly as
to hazard general advantage, whatever sanctity can be assumed within
the limits of single purpose.

Example 2—The reduction of reproductive success in woodcock
following repeated sprayings of forested areas in New Brunswick at
0.5 and 1 Ib. of DDT per acre.

DDT

Forest and marsh—eEarthworms(?)—=WOODCOCK (YOUNG)

Presumptive evidence suggests that fewer young woodcock are being
brought off in DDT-sprayed areas of New Brunswick than in un-
sprayed areas (Wright, 1960), Treatment to contain spruce-budworm
outbreaks has covered many millions of acres in the last decade. At
the application rate of 0.5 Ib. per acre aerially applied, there seem to
be no effects adjudged seriously intolerable by anyone and there is
no question that insect numbers are curbed at least annually. The
serious aspects of the problem are the effects on both woodcock and
budworm of repeated sprayings. Permanent suppression of budworm
numbers does not follow single annual treatment, and woodcock pop-
ulations, able to recover the following year from a single annual dis-
ruption of food sources, seem not to be able to sustain numbers over
a succession of treatment years. Some 22,000 square miles have been
sprayed in New Brunswick since 1952, and most areas have been
sprayed at least twice. Some areas have received as many as five
treatments, although these have seldom been annual retreatments.

Wright (1960, and personal communication ), taking the only method
of analysis available to him, has compared the numbers of adult and
immature birds in the fall bag of woodecock from sprayed and un-
sprayed areas. An indirect measure of this kind admittedly cannot
establish pesticide effects on reproductive suppression. However, the
observed differences are statistically significant and the pattern of de-
cline of young emerging from the annual series of data seems more
than merely interesting.

In the years 1953 to 1958, the number of immature birds comprised
roughly half the total number of birds shot in unsprayed areas. In
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1953 the figure for the sprayed area was the same as that for the un-
sprayed area, but the spraying took place after young birds had
hatched. In the next three years the numbers of immature birds taken
from sprayed areas were markedly reduced. Expressed as percentages,
they composed successively 17, 21, and 20 per cent of fall bag counts,
in contrast to comparable bags of 50, 52, and 45 per cent of immatures
from unsprayed areas. Over the four-year period, sprayed areas pro-
duced 23 per cent immature birds in bag, whereas 45 per cent im-
matures were counted in bags from unsprayed areas. The production
of young on sprayed areas was, by this measure, one-half what it was
on unsprayed areas. The most convincing evidence that this reduction
is meaningfully associated with DDT comes from the final year, 1959,
in which no spraying was conducted. During this year immature birds
in bag from previously sprayed areas increased to 49 per cent of the
total, an increase of 145 per cent over the prior year, Spectacular as is
this rate of increase, it still lagged behind the percentage of immature
birds taken from unsprayed areas in that year. These constituted
roughly 60 per cent of the fall shoot. Evidently total recovery is not
possible even after one year’s freedom from DDT exposure.

A pattern of delayed chemical expression, in this instance producing
indirect effects on young, has not been convincingly established among
these woodcock populations. I offer the example here because I be-
lieve that research now under way will bear it out. The biology of the
species and the pattern of insecticide application make it a reasonable
supposition.

A complicating factor has recently been introduced. In 1959 a June
sample of 10 woodcock showed an average of 0.18 p.p.m. of heptachlor
epoxide in tissue. Some two-thirds of the North American population
of woodcock winter in the southern United States, much of which was
treated with heptachlor in the fire ant control campaign. Earthworms
taken from this area as much as 12 months after treatment contained
an average of 3 p.p.m. of heptachlor in tissue. Only 10 per cent of
woodcock which had recently arrived at their treated wintering
grounds contained detectable traces of heptachlor or its epoxide. But
six weeks after arrival more than 50 per cent contained an average of
0.2 p.p.m. (DeWitt et al., 1960). The woodcock is now being sub-
jected to pesticide contamination at both ends of its 2000-mile migra-
tory pathway. The two chemical residues in foods or tissues, acting in
consonance, may yield more drastic effects than yet seen. Only time
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and concerted attention will tell this. Meanwhile, double chemical
jeopardy to an important game species with rather narrow feeding
habits remains a serious possibility.

Example 3.—Mortality and population declines among vertebrates
in the southern states on areas treated with heptachlor (primarily) at
1.5 Ibs. per acre in efforts to eradicate the imported fire ant,

Heptachlor

VERTEBRATES

i

Marsh and field=—<Earthworms( ? }—=WOODCOCK (?)

GROUND-DWELLING VERTEBRATES

The fire ant control program has resulted in heavy immediate mor-
tality to vertebrates, declines in population numbers, slow rates of re-
covery, and residual contamination of tissues with heptachlor and
heptachlor epoxide in most of the fauna in the treated area. These
facts are established; yet it is difficult to establish that delayed expres-
sion occurs in contaminated populations. In spite of much research in-
vestigation, the many efforts of the U.S. Fish and Wildlife Service and
cooperating agencies have lacked an ecological core. The focus has
been on population counting and tissue analyses, both of which aid in
explaining how and to what extent biological processes are impaired
by the intrusion of toxic chemicals but neither of which should be
considered a terminal goal of investigation. Nonetheless, all the con-
ditions for delayed chemical expression are present under this control
regime; I fully expect that many examples of chemical transferrals
along food chains will become clear in time.

Earthworms on woodcock wintering grounds in Louisiana contained
up to 20 p.p.m. of heptachlor epoxide in tissue 6 to 10 months after
land treatment. As just noted, woodcock reflect these concentrations
by storing significant amounts of the epoxide in their own tissues. As
yet, there is no indication of direct mortality from this source of con-
tarmination.

Carnivorous mammals contained residues that must have come
largely from contaminated foods. Cotton rats, for example, which
serve as an important food for carnivores, had a residue level of 5.9
p-p-m. heptachlor epoxide in tissue. Fishes and amphibians, which are
ted upon regularly by vertebrates, almost without exception had de-
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tectable amounts of heptachlor epoxide. Reptiles too were commonly
contaminated. In all these groups that serve as food, the source of
tissue contamination must be their own food species. A centrarchid
fish (bluegill), for example, with a residue level in tissue of 36.9
p.p-m. could have obtained such concentrations and still survived only
if the epoxide was gradually accumulated from food sources. Crayfish
with 1.6 p.p.m. in tissue after months of exposure could have acquired
it only through ingestion of lesser amounts. One-tenth of that concen-
tration in water would effectively obliterate entire populations of both
bluegill and crayfish. Food-chain transferral of chemicals must be one
of the commonest sources of effects following survival to the initial ex-
posure. The final linkage of transferred chemicals and long-delayed
effects has yet to be made, however (data from DeWitt and George,
1960).



21 - FAUNAL DISPLACEMENT—
SPECIES OUT OF BALANCE

The term faunal displacement denotes a change in the numbers and
distribution of single species, or a rearrangement of the component
species in an ecosystem. The number and character of single popula-
tions normally vary from season to season and year to year. Sometimes
the changes are great, but more often, all other factors being equal,
changes throughout the year and over the years are reasonably pre-
dictable and set by the limitations of environment. Changes in abun-
dance, distribution, and faunal composition come about naturally, in
either long or short term, through the many factors previously dis-
cussed. No population increases indefinitely, and the rule in undis-
turbed environments is a relative stability in faunal systems whose
members have evolved together and have adapted, each to the other’s
presence.

The “balance of nature” concept has arisen from this commonly
observed stability. But no one suggests that such a balance is abso-
lute or that a once-disturbed environment will inevitably revert to the
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precise composition and stability of the former one. What we have
often taken to be the natural stabilized population is only the popula-
tion of our experience. As a rule this population in man-occupied
regions is the latest product of a sequence of disturbances and returns
to stability. Our reasons for wishing that a disturbed area be returned
to its former condition may have little to do with the question, “Does
a balance of nature exist?”

In broad terms, it does, of course, exist. Confirmation of its existence
derives most certainly from the consequences of the biotic simplifica-
tion we induce on croplands and from the results of translocations of
species from one region to another, whether accidental or intentional.
Imbalance and instability follow either, and species translocations com-
pound the effects of biotic simplification. Whenever additional factors
further simplify already unstable environments, the balance is further
upset. Living with this upset is one of the major trials of man. Pest
control is one response of man to try to rectify an imbalance of nature.

However, pesticides are the most recent general contributors to
faunal imbalance. Attempts to stabilize with chemicals have in fact
guaranteed instability. The present chapter centers on pesticidal con-
tributions to faunal instability. Nonchemical pest control measures can
also yield instability, but not of such magnitude. Any group of animals
within a faunal complex responds when major shifts in representation
occur in other groups. But only in arthropods are the consequences of
such shifts at all understood. Pest insects naturally have formed the
major core of studies on these shifts.

In the majority of cases, pesticides used on croplands do not cause
imbalances that cannot be contained for the short term. Pesticide ap-
plications that do cause economically or biologically serious imbal-
ances may have these consequences in use:

(1) Many species are reduced in numbers along with the pest; the
natural enemies of the pest are frequently killed along with the pest
species.

(2) Repeated application may produce resistance to the chemical.

(3) Pesticides may be ineffective against potentially damaging
species but instead may remove controlling species, allowing the
former to increase to pest proportions.

(4) Nonselective chemical applications ensure a need for more fre-
quent treatment, with catastrophe threatened if treatments are with-
held; a decreasing dependence on natural controls is the rule.
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(5) Costs increase and a greater likelihood of inacceptable residues
and occupational hazard results from ever-increasing dependence on
chemicals,

(6) Among vertebrates, selective removal of predators may allow
prey populations to increase to pest levels.

For convenience, faunal displacement can be divided into two time
scales. Short-term effects are chiefly those that occur during a given
crop year, demanding for their alleviation the attention of many ap-
plied biologists. The most important faunal problem created by pesti-
cide applications is the resurgence of numbers of pest species. Re-
covery of numbers is frequently rapid after treatment, and may often
lead to populations larger and more destructive than those before
treatment. Long-term effects are those that become obvious only after
a period of years, creating hazard not easily assessed at any given time,
Their gradual rise to serious status is, too frequently, marked by fail-
ure to recognize that any change is occurring at all. It is the insidious
manner as well as the ultimately obvious severity that distinguishes
the longer-range effects of pesticidal applications (general reference,
Ripper, 1956).

Resurgences in Numbers Following Chemical Treatment

In spite of high initial kill, pesticides at times bring about a tre-
mendous increase in numbers of the species against which they were
applied. Many of the nonselective chlorinated h}'drﬁcarbﬂns and or-
ganophosphates do this, but the effect is not limited to these chemical
groups. Less toxic kinds, such as sulfur fungicides and the “inert”
diluents of insecticidal formulations, can also produce a resurgence—
or “flare-back,” as it is commonly called. Resurgences have been re-
corded in both temperate and tropical climates for over 50 species of
plant-eating insects and mites. The majority of these species are serious
pests now found widely in comparable crop types throughout the
world.

Spraying in orchards has repeatedly intensified pest numbers. Pickett
and co-workers, in a series of papers (e.g., Pickett ef al.,, 1958), have
described this phenomenon in apple orchards in Nova Scotia. They
report, for example, that extensive use of lime-nicotine sulfate dust
between 1918 and 1924 led to extreme outbreaks of the eye-spotted
budmoth and to the appearance of red spider mite. The codling moth
increased in numbers following use of calcium arsenate. Oyster-shell
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scale became a major problem following use of mild sulfur fungicide.
Red spider outbreaks followed DDT applications. These workers list
many more examples, all showing that established pests often increase
and new pests may appear after pesticide applications.

The same phenomena have been observed in citrus culture. Malayan
citrus orchards regularly treated with kerosene emulsion had greater
populations of citrus blackfly than did untreated orchards; scale in-
sects were more numerous in Florida orchards treated with sulfur;
mite and aphid populations increased noticeably after DDT use in
California orchards; citrus red mite increased so drastically in Florida
after DDT applications that all recommendations for DDT use in
citrus orchards were withdrawn (DeBach and Bartlett, 1951).

In field crops as in orchards, repeated use of many common in-
secticides and fungicides has led to outbreaks of mites, aphids, and
other arthropods. Attempts to control the devastating spotted alfalfa
aphid with parathion permitted more severe outbreaks (Stern and
van den Bosch, 1959). The cyclamen mite on strawberries increased
dramatically following treatment with parathion (Huffaker and Ken-
nett, 1956). Treatment with nonselective insecticides of aphids on
vegetable crops resulted in resurgences requiring retreatment within
two weeks. When para-oxon, for example, was used commercially in
England, there occurred within 14 days the greatest cabbage aphid
outbreak ever recorded, even though initial mortality had been ex-
tremely high (Ripper, 1956). The use of heptachlor in the fire ant
control program in Louisiana led to both increased populations of and
damage by the sugar cane borer (Hensley et al.,, 1961). Additional
sequelae of this program were several lawsuits.

In forests, displacements of this kind do not seem severe. Hoffmann
and Merkel (1948) noted temporary reductions in numbers, but no
permanent displacements of either target or nontarget species. In forests
we may conclude that resurgences are made less likely by the generally
lighter dose rates, the relative infrequency of application, and the in-
nate complexity of the faunal system. Nonetheless, in New Guinea
forest following a cessation of repeated aerial treatments with DDT to
control a malarial mosquito, numbers of this vector rose sharply
(Laird, 1959). A key to the difference in response is apparently repeti-
tion,

In forest soils, resurgences seem not to occur (Hartenstein, 1960),
but in agricultural soils higher populations of collembolans are the
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rule following treatment with DDT, BHC, and parathion (Satchell,
1955). Again, repetition seems to be the critical difference.

In waters, too, resurgence occurs among aquatic insects. When a
nuisance species is the first to return in numbers following aerial
spraying of forests with DDT, it masks the true situation and the
conclusion is often drawn that no permanent reductions in the num-
bers of all insects occurred. Rather, it is a change in balance, with the
nuisance species comprising a greater percentage of the total popula-
tion than before. Davies (1950), for example, showed that the applica-
tion of DDT to an Ontario stream to control simuliid blackflies led to
a dramatic and continuing increase in their numbers; three years after
application the average emergence rate was 17 times as great as in the
precontrol period. Following large-scale treatment of forests, black-
flies are regularly the first to recover and most likely to become nu-
merically dominant (see Chapter 6). Total removal of competitive
forms, not repetition of treatments, seems to underlie this response.

In all environments, resurgences in numbers can follow repeated
pesticide treatments. Usually associated with these resurgences are
broad-spectrum insecticides, It now remains to examine what bio-
logical factors permit resurgences in pest populations,

There are several possible explanations. All involve in some way an
alteration of the biotic potential, rendering rapid return to high num-
bers more likely. The resurgence may be through a directly favorable
influence of the pesticide on the individual, but more often the in-
fluences are indirect.

The state of nutrition may be influenced, but nutritional studies are
often insufficient to allow correlations with population phenomena. I
mentioned earlier that small amounts of some pesticides are nutri-
tionally valuable. We can think of these as “animal fertilizers.” Pos-
sibly, too, the enhanced welfare of the plant is reflected in increased
vigor of the survivors of insecticide treatment, The reduction in insect
numbers may provide the survivors with less competition for more
and choicer foods. Laird (1958) extended this idea to pesticide effects
on larval mosquitoes in culture media. He showed that DDT in the
medium was responsible for an initial high mortality of larvae. Dead
larvae hastened bacterial action, which in turn hastened the matura-
tion of the microfauna. The consequently enriched culture satisfied
the food requirements of growing larval mosquitoes much more ade-
quately than did normal cultures not treated with DDT. The product
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was an insect more robust than normal. But this was conducted in the
laboratory, and therefore, as with most studies of nutritive contribu-
tions to animal welfare, field testing is needed.

Resistant strains are perhaps better considered a long-term con-
sequence of insecticide exposure (see Chapter 11). Here I wish to
comment only that resurgence in numbers is an inevitable result of
insecticide resistance. The question has arisen whether resistant strains
are biologically more vigorous than unresistant strains. One result, if
this were true, would be that resistant insects would increase in num-
bers beyond those of pretreatment populations. There is some argu-
ment about this point. In a few instances resistant strains of insects
seem to fare better—lay more eggs, have shorter generation times, and
so on. Yet there are many instances in which resistant strains per-
formed no more ably, indeed many performed more poorly, than their
unaltered counterparts. We shall leave the point open, but suggest
strongly that any unusual resurgence among a resistant population is
more apt to be due to a change in the faunal balance than it is to an
inherent biological advantage accruing from insecticide resistance.

The lessening of competition, related indirectly to nutrition, is better
demonstrated as a factor in increasing the welfare of both individuals
and populations. All living things suffer the effects of crowding. A
reduction in numbers frequently leads to compensatory responses in
growth and reproductive success. Simple reduction of numbers, there-
fore, will in most groups lead to more rapid population recovery.

But all of these factors are of less consequence in permitting re-
surgence than is the reduction of natural enemies. In arthropods, per-
haps less so in vertebrates, this is the factor that explains most ob-
served instances of population recovery following chemical treatment.

One of the most dramatic examples implicating pesticides as de-
stroyers of the natural enemies of pests occurred with the advent of
DDT use in citrus orchards in 1946 (DeBach and Bartlett, 1951). The
singular success of the vedalia beetle, imported from Australia to con-
trol cottony cushion scale, is one of the classic tales of biological con-
trol. For almost 60 years this scale had been kept in check, at low num.-
bers, by its introduced adversary, but with widespread applications of
DDT the scale increased sufficiently to become a serious pest once
more. DDT was much more toxic to the coccinellid predator than it
was to the scale. Only the uniform withdrawal of DDT from citrus
orchards restored the former balance.
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Instances are now legion in which DDT and parathion unfavorably
depressed predator and parasite populations. It is inferred that this
suppression of natural enemies, combined with their inability to re-
produce as quickly as their prey, permits the rapid resurgence of pests.
Inference may not be enough to establish the case. Two general meth-
ods of appraisal may be used to verify that resurgence in fact depends
on pesticidal inhibition of parasite and predator numbers.

The first method is to compare the composition of sprayed and un-
sprayed plots with regard to frequency of preying insects. There are
many reports of this kind. A few examples follow. Spider populations
were higher in unsprayed New Jersey apple orchards than in sprayed.
The aggressive, or hunting, spiders were more seriously affected than
the passive, or web-building, species (Specht and Dondale, 1960). Na-
tive predators play a significant role in keeping aphid populations in
check in California alfalfa fields. Malathion, as one broad-spectrum
insecticide, practically eliminates the important coccinellid predator
Hippodamia and the aphid-feeding syrphid flies. Repeatedly, aphid
numbers increased rapidly where these predators had been reduced to
low levels by this nonselective chemical (Smith and Hagen, 1959).
Predaceous mites were commoner in unsprayed Connecticut apple
orchards than in sprayed (Hurlbutt, 1958). Doutt (1948) recorded
that DDT applications in pear orchards were definitely responsible for
severe infestations of the Baker mealybug, through suppression of
natural enemies, and that, moreover, DDT residues remained lethal to
these enemies for long periods, essentially serving as a barrier to
predator recovery for an entire crop season.

A variation of this comparative method is to correlate change in fre-
quency of pest injury to level of predator population. One example in
which this variant method was used is the sugar cane borer increase
(Hensley et al., 1961), previously cited in this chapter. Pickett (1961)
has employed the same method by noting reduction of apple scab in
orchard-insect complexes freed of repetitive chemical intrusions. In
1948, for example, before the beginning of an integrated program em-
ploying both chemical and ecological methods, 73.1 per cent of fruit
escaped injury; in 1959, with the concept and practice of integrated
control fully installed, 93.9 per cent escaped insect injury.

The second method of checking on the interrelatedness of pest pop-
ulations and their natural enemies is to exploit resurgence as an ex-
perimental method. Since some arthropods increase following the use
of insecticides, what more effective way of establishing the significance
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of predation than by deliberately eliminating it as a controlling force!
DeBach (1946) first described the “insecticidal check” method, and it
has been used many times since. Fleschner (1958), for example,
showed that citrus red mite populations were much higher on DDT-
treated trees than on citrus from which predators of the mite had been
removed by hand. And mite populations were, of course, much lower
where there was no removal of predators by either means.

Several experimental studies having important theoretical as well
as practical conclusions have appeared since the insecticidal check
method came into being. Perhaps the best of these is that of Huffaker
and Kennett (1956). These workers used laboratory populations of a
plant-feeding mite and its predator, also a mite, and followed with
field trials to confirm their results, Their three basic. methods were
removal of predators with parathion, removal of predators by hand,
and stocking of predators. Each approach confirmed the others. The
plant-feeding mites were twenty times more numerous where preda-
tors were absent than where predators were stocked. The resurgence
of the pest mite to excessive numbers was easily producible by the
parathion application.

Changes in Faunal Composition

Long-range changes in arthropod complexes follow from the con-
tinued use of nonspecific chemicals, whatever their chemical nature.
One might argue that long-range effects do not differ in kind from
effects occurring within single crop years. But that is not entirely
true. The analysis of faunal shifts during single crop years does not
permit prediction of long-range directional changes in fauna, while a
long-range analysis can facilitate predictions of directions of change
in other situations. Rather than to say that short-term and long-term
effects differ in kind, it may be more proper to say that they differ in
prognosticative value: We do not have the knowledge to predict future
directions from short-term studies. Unfortunately, applied even to the
short term, faunal analyses at best describe few species and few of the
factors that influence change in these species. The unstudied portions
may be the key to predictability. Though multivariate analyses in
nature merit much more time and attention, the standard limitations
of money, personnel, and purpose dictate that there will be no great
change in the predictability of long-range faunal shifts. Therefore, we
must piece together patterns from fractional evidence, ie., depend
largely on a historical approach, to confirm that repetitive chemical
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use over the years does in fact alter faunal composition. The discus-
sion that follows necessarily centers on economically important con-
sequences of faunal change. The diagram below illustrates the kinds
and directions of change I have been discussing.

Repeated control by nonselective chemicals leads to:

Sustained low Resistance Iiterential
numbers of susceptibility
natural enemies to chemical
| | l
Resurgence in Inability to Appearance and
numbers of control substitution of new
pest species species of pests

\ /

New faunal composition;
continuing and magnifying
pest problems

The cumulative result of chemical treatment applied over a period
of years is a fauna poorer in parasites and predators of types able to
cope with strong resurgences of pest numbers. The natural enemies
that remain fluctuate greatly in numbers. The sequel to the resulting
imbalance is chronic reappearance of pest outbreaks. Outbreaks occur
more frequently, often during poor climatic conditions, and a new pest
condition, man-induced, is the product. The normal grower reaction
is to apply chemicals more frequently. Following more frequent ex-
posure, the beginnings of resistance appear in the pests, manifested by
decreased ability of the chemical to kill at usual application rates.
Then not only is the frequency of application raised, but also the
dose. If, too, certain species are less susceptible to usual chemicals and
increase their numbers to damaging levels, these species will require
treatment with different chemicals, Often two or more are combined
in single applications. The result of all three grower reactions is to
magnify outbreaks still further. Chemical treatments reach their limits
of utility when full-fledged insecticide resistance sets in, when the cost
of increasingly frequent applications becomes prohibitive, or when, no
longer able to sustain loss, the grower switches to other crops or means
of control.
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Resurgence is at the root of the grower’s problems; resistance compli-
cates control; and differential susceptibility, coupled with destruction
of natural enemies and competitors, raises to pest status a species
tormerly rated minor or not considered a pest at all. The first two
aspects of the sequence have already been discussed. The last also
requires discussion, for it is often important. The new pests generated
by continued chemical application are sometimes called substituted,
or secondary, pests.

Shortly after the advent of DDT, mites became serious pests in
many orchard crops because of their relatively low susceptibility.
Other chemicals, some less toxic, have also given rise to secondary
pests. For example, sulfur sprays contributed to the increasing pest
status of eye-spotted budmoth, oyster-shell scale, and European red
mite in Nova Scotian orchards (Pickett et al., 1958). Soft brown scale,
formerly a minor pest, increased drastically after parathion applica-
tions (DeBach and Bartlett, 1951), Many more examples could be
cited, but all show that a species once not considered a pest became
one. The destruction and continued suppression of natural enemies by
nonselective chemicals explain the new pest status. Several years may
be required before a pest or group of pests becomes serious, and as
Pickett and his colleagues have shown, efforts to lessen damage from
a pest complex through integrated chemical and ecological control
may also require years.

The tetranychid mites provide some of the best illustrations of the
formation and development of substituted pests (secondary only in
time, not damage ). The diagram following pictures the evolution from
insignificance to major pest of one important mite species (Metate-
tranyychus ulmi) in England as a result of a succession of pesticide ex-
posures of different nature and purposes (Jacob, 1958). Needless to
say, the sequence is generalized.

1920 Insignificant
«— Tar washes
1930 Important pest
- Tar; oils, DNOC
1940 Serious pest
- DDT; BHC
1950 Major pest
«=Parathion
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The bulk of pest-arthropod studies do not give the kinds of informa-

tion needed to assess substitution or replacement phenomena in faunal
complexes. A focus on the single species adjudged serious at a given
time precludes study of entire complexes. It is now becoming clear
that inordinate efforts against single species with pesticides that aftect
many are conducive to continuing pest problems. The awareness of
this possibility has centered in three major entomological nuclei:
western European foresters and orchardists; Canadian orchard ecolo-
gists (Pickett and his group primarily ); and workers in biological con-
trol, notably Canadian forest entomologists and the group of entomolo-
gists at the University of California. In 1939, A. J. Nicholson had for-
malized the concern that pesticides might be producing pests. Postwar
synthetic chemicals have convincingly demonstrated the reality of this
concern.

Recently, replacement phenomena among insects of public-health
importance have received attention from thoughtful students (Aitken
and Trapido, 1961; Laird, 1959). The studies of Aitken and Trapido
on Sardinia will serve to illustrate.

Eradication attempts against the important malarial vector Anopheles
labranchige led to new dominance relationships within the entire
anopheline mosquito assemblage. Shifting numbers of five species were
studied over a five-year period, beginning with the eradication pro-
gram against labranchiae in 1946, After 1948, labranchiae became un-
common, but another species, A. hispaniola, previously rare, became
common. Intensive checks over wide areas in 1952 confirmed that
hispaniola had effectively taken over the niche vacated by eradication
attempts against labranchige. Evidently, hispaniola was able to con-
tinue its dominant position, once established. Fortunately, hispaniola
is not a malarial vector. We see here, therefore, an important possibil-
ity—the substitution of an innocuous species for a hazardous one by
planned ecological management. Yet A. sacharovi, a very eftective
malarial vector, was commonly found in 1952 while seemingly not
being present before that year, and three other species of anophelines
became commoner during the years of eradication treatments. Clearly
these anopheline species are in dynamic balance with one another, and
even a presumably selective attack on a single element in the complex
unwittingly affects the others. Disease transmission may be either
mitigated or intensified by these realignments, but whatever the as-
sessment of pest hazard, we should be alert to changes in faunal consti-
tution whenever pesticides are directed against single species.
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Discussion of this nature can be applied to vertebrate as well as
arthropod populations, but the data in faunal terms are more difficult
to assess. Pesticide effects on vertebrates concern fewer species, fewer
numbers, longer generations, and more complex behavior patterns,
Moreover, vertebrate animals are rarely approached dispassionately. In
view of this greater interest in and the relative ease of studying verte-
brates in contrast to arthropods, I have thought it best to describe
them separately. Thus, in prior sections on food, competition, and
predation, I discussed resurgences in populations and successional shifts
of species compositions among vertebrates. Normally, the hub of such
discussions was a single species considered to be economically im-
portant. Nonetheless, 1 should like to see the new emphasis on faunistic
management by integrated control measures, now becoming prevalent
among entomologists, paralleled among the manipulators of vertebrate
populations. Vertebrate pest control and wildlife management suffer
from entirely too much preoccupation with single species.



VI. RETROSPECT AND PROSPECT



22 - POINTS OF VIEW AND THE FUTURE

’_l_llunughnut this book I have held to the premise that the intentions
and consequences of chemical pest control as currently carried out are
defined inadequately. My purpose has been to describe the full scope
of pest control by identifying, first, the Jand-use practices that favor
the increase and spread of pest species; second, the means by which
pests are combated; third, the biological community into which these
controls are introduced; fourth, some short-term and long-term effects
of controls on the fauna. I have specifically emphasized how continued
heavy dependence on present chemical-control systems must ulti-
mately be self-defeating; how control methods have departed from
fundamental biological principles; and finally, how the limited goals of
present pest control practices fail to serve either longer-range produc-
tive values or the varied interests of a public which is called upon to
support these practices and which is inextricably drawn into the con-
sequences.

Whatever the immediate consequences of toxic chemicals in the
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“living landscape”—and they are sometimes serious—it must be said
that they are normally correctable. The simplest counter to a chemical
practice that produces immediately obvious undesirable effects is to
end the practice before its effects become irreversible. But the less
obvious consequences—and many are profoundly important—are less
easily handled and are not quickly recognized for what they are. The
biological specialists from whom recommendations for chemical use
come must soon examine more profoundly the long-range conse-
quences of these recommendations,

Let me review what I consider the general problem to be before I
go on to some specific proposals for change. Crop systems are neces-
sarily ecologically simplified for economical production of marketable
foods and fibers. The frequent consequence is an unbalanced eco-
system in which a few species of organisms increase beyond thresholds
of numbers that we can tolerate. By definition, these species then be-
come pests. Where present knowledge does not provide cultural or
biological practices that counter the effects of “created” pests, we must
use chemicals to reduce numbers temporarily. Our purpose in using
chemicals in this fashion should be only to “buy” time enough to work
out effective and permanent solutions to pest problems. Supposedly,
chemicals are so selected and applied as to accomplish only this pur-
pose without further complicating problems of pest control or pro-
ducing toxic effects beyond the target species. These are logical ex-
pectations of pesticide uses in agriculture, where most pesticides are
applied.

In forestry, range management, and public health, the requirements
for pest control do not directly parallel those in agriculture. In these
disciplines dependence on environmental control is much greater.
Chemical controls are generally instituted only when it appears that
habitat manipulation will fail. The reasons for such failure are many,
and are often social rather than biological. Although the gains from
many chemical-control practices in these areas may reasonably be ex-
pected to be economic, less tangible purposes are served as fre-
quently., However subjective the values entering the decision to con-
trol with chemicals, the suppositions I described above for agricultural
use apply here also. Specificity of chemical action is a logical expecta-
tion wherever chemicals are used. In those instances where specificity
is not precise and unwanted damage results, the character and amount
of this damage must be known in advance and carefully weighed
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against presumed gains from chemical application. The decision to
initiate control should therefore be taken with the fullest possible
knowledge of its purposes and consequences as defined by the entire
spectrum of impinging biological, economic, and social values. The
action of a toxic chemical must be specific and temporary; but the
value to man of the chemical in use must be general and lasting,

Present chemical pest control practices are often an incongruous
mixture of actual need, superficial appraisal, unbalanced perspective,
and expediency. Complaints against these practices in use are lodged
against, first, the chemicals themselves—their hazards in use; then the
pest control practitioners—their failure to appreciate the biological
complexities of their work; and, finally, the ends served—the lack of
full consideration for all values influenced by chemical use.

The first of these complaints is, in one sense, the least serious. The
fact that there is direct hazard from toxic chemicals is acknowledged
by a variety of testing, educational, regulatory, and legislative agencies.
There is an awareness in government, industry, and agriculture that
pesticidal chemicals are potentially harmful. The question remains
whether this awareness is great enough and whether it is focused suf-
ficiently on hazards to species other than man. Broad-spectrum chem-
icals in use always kill more than the pest species; yet this fact is lightly
regarded unless complaints are made, Too often, a given recommenda-
tion for the practical use of a pesticide centers on a simple one-to-one
relationship: This chemical can kill that pest. An illusion is created that
the effects of the chemical are indeed confined to its target. That is
by no means true, either of the direct killing propensity of a toxic
chemical or of the indirect ecological effects that must follow its use.
Chemicals that are sufficiently stable to leave toxic residues for ex-
tended periods are participants in a further illusion: that toxic residues
are actually “controlled” by the recommending and regulatory pro-
cedures now in force. Present residue legislation neither protects con-
sumers from contamination nor sufficiently recognizes that residues do
not behave as we would wish them to. Chemicals are not precisely
applied; they are not confined only to areas needing treatment. Resi-
dues do accumulate in soils and living tissue. Through both physical
and biological channels they do “escape” from the areas where the
parent chemicals are applied. It is my view that the scope of hazard
from toxic chemicals is generally defined too narrowly, An illusion of
safety follows.
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There is a heartening stirring in the ranks of applied biologists. The
steady drift of the last two decades away from recognition of the
fundamentally biological nature of pest control is now being countered
by some strong new voices. Problems of hazard, resistance, and resi-
due control have given substance to the belief that generalized chemi-
cal pest control is in the long run self-defeating. Simmons (1957) ad-
vanced this thought with regard to disease vectors, but his conclusions
may be generally applied. He put it this way:

It is evident that the extermination of vectors with residual insecticides
is probably not feasible. We appear to be in an endless cycle of synthesizing,
at an ever increasing cost, more and more insecticides to which vectors be-
come more and more resistant. Thus, it seems we cannot go on forever rely-
ing on insecticides. A more final and permanent solution to the vector-borne
disease problem might be in ecologic control.

Geier and Clark (1961) came to similar conclusions for crop-insect
control with chemicals and suggested that many current programs are
little more than “. .. a series of blows delivered almost blindly but with
a maximum of violence.” This they described as the “fy-swat ap-
proach,” keeping most trained personnel occupied in applied work
with little time and energy for thinking about fundamentals.

Pest control continues to lack fundamental character. Its methods
are chiefiy empirical and its goals are too narrowly circumscribed. For
too long a time the apparent success of chemical controls seemingly
obviated any need for full comprehension of biological relationships
in pest control.

Misplaced emphasis on chemicals also modifies assessment of the
nature and values of advantages brought about by pest control. The
prospectuses and reports of chemical-control programs conducted by
public agencies swell with pronouncements of general advantage. Coin-
cident with the decline of dependence on biologically based pest con-
trol has been a decline in the consideration of hazards and side-effects
inherent in chemicals in use. The devaluation of side-effects and im-
pinging interests has coincided with a period of ever-expanding chem-
ical control programs. In other terms, though chemicals produce more
side-effects over more area, these are weighed less by control per-
sonnel than in former years. The net benefits of present programs of re-
duction, containment, and eradication are not convincingly demon-
strated, nor is any serious effort made to justify such programs on eco-
nomic grounds. Furthermore, matters of residues, wildlife loss, biotie
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imbalances, and long-term effects are often accorded short shrift as
merely nuisance considerations. Alternative methods of control are
usually met with apathy or are dismissed as ineffective or impractical.
The price of chemical dependence in pest control has unfortunately
been the dilution of values once considered important and the ac-
ceptance of limited purposes as standard goals.

In the immediate future, I expect to see increasing public resistance
to programs depending on indiscriminate application of toxic chem-
icals. Contamination of the “living landscape” will continue to mount
and will be found to be serious at sites not now suspected. New routes
of harm will be discovered, and those now only suspected will be
established as serious. Increasing evidence will support a resistant pub-
lic, which, if only intuitively, demands of scientists and public servants
more sophisticated solutions to complex problems and wider responsi-
bility for their actions than now characterize pest control.

A number of courses of action have been suggested in specific con-
texts in earlier sections. More generally defined, I would urge these
immediate actions (also see Appendix, with whose recommendations I
concur) :

Employ the “eradication” philosophy only on recent and spatially
limited invasions of new pests, or only where the techniques of eradi-
cation are clearly selective.

Stop all chemical treatments that depend on high doses of stable
chemicals whose effects are not confined to the target species. At
present this conclusion applies most cogently to programs employing
dieldrin, aldrin, and heptachlor. By biological definition these pro-
grams are control failures, and I suspect that they are economic fail-
ures as well. The only exception to this recommendation would apply
when catastrophe is imminent and obvious; no control program in the
United States now fits this category.

Encourage cultural and faunal diversification programs that ensure
more complex faunas and less stability of pest populations, Immedi-
ately required are accelerated efforts in biological control, the selec-
tion of resistant plants, and diversification of the landscape.

Initiate a "user education” program in which the full range of haz-
ards of chemical use is explained. It is not enough to seek to educate
growers and appliers in the proper methods of handling toxic chem-
icals. They must also be told the biological and social consequences
of continuing chemical use. Alternatives to chemical use in both the
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short term and the long term must be as clearly explained as im-
mediate hazard to the applier now is.

Require public justification of any tax-supported control program
and insist that this justification contain a clear description of the pur-
poses of the control program, the methods by which it is to be con-
ducted, the hazards inherent in it, and the economic or social gains
that justify both costs and hazards.

There are two additional areas of action, which will require longer
periods but cannot fail to yield more generally satisfactory pest con-
trol. The first of these is a changed outlook on the part of pest control
practitioners; the second is the modification of existing pest control
administration toward a broader responsibility in pest control.

Traditional pest control must yield to a new outlook, one that does
not treat pest species as somehow independent of the natural forces
influencing all living things. Viewed in this light, the conservation of
one species and the protection against undue numbers of another are
two sides of the same coin. The management of population numbers,
for whatever purpose, requires close knowledge of the ecological fac-
tors that determine population density. We must therefore adopt the
view that pest control is no more than the conscious lowering of num-
bers of undesirable species and that the word “pest” itself has no mean-
ing when populations are small enough to cause man no important in-
convenience. Biological manipulations, as I have shown, are much
surer means to the end of achieving control of pests than are chemical
applications.

Good beginnings have already been made. They are reflected in the
terms “supervised pest control” and “integrated” or “harmonious” pest
control. Geier and Clark (1961) call for “protective population man-
agement.” I have elsewhere urged “ecological management,” and,
moreover, have advised that the ecological manager be considered the
primary source of pest control recommendations, Pest control should
be viewed only as a special application of population ecology. There
is abundant evidence that the regulation of numbers by ecological
manipulation is reasonable and sure. Although not all current pest
problems can be quickly solved by these methods, the promise is great.
It is economically expedient now to replace traditional pest control
with population management, but gains in the long run go well be-
yond economics.

Adoption by applied biologists of this new outlook on control will
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persuade pest control agencies and organizations to administer policies
consistent with ecological facts. Traditions die slowly, however, Sev-
eral actions might be followed to hasten the transition to saner control
programs and more judicious use of chemicals.

First among these is more active coordination among governmental
agencies bearing responsibility for the regulation of pesticides or for
their use in publicly conducted control programs. Intended to serve a
coordinating function is the Federal Pest Control Review Board, insti-
tuted in 1961. Within the framework of traditional pest control meth-
ods and customary alignments of responsibilities within particular
agencies, this board, I am sure, represents an improvement over pre-
viously existing coordinating instruments. It is nonetheless only a first
step; it will provide a greater efficiency in the conduct of control opera-
tions by federal agencies, but will change little the underlying meth-
ods and philosophies. These too require change. Accordingly, the pur-
poses of this board should be redefined to encompass the necessary
and desirable changes I have previously described. It is not enough
simply to increase the efficiency of operations whose methods should
be discarded. To assist in formulating new definitions, representation
on this board should be widened to include all interests affected by
pest control practices, This will require representation by industry,
educational institutions, and conservation organizations. The federal
agencies by no means adequately represent all interests in pest con-
trol.

Training, coordination, and integration of pest control groups nor-
mally are oriented toward producing greater efficiency in control pro-
grams and wider representation of interests but do not necessarily take
into account that changes in attitude are required. It is my belief that
existing knowledge of the hazards of toxic chemicals in nature is quite
enough to warrant fundamental changes in outlook. This view is
shared by many biologists and resource specialists.

Doubts about the justification for major change can be dispelled by
judicious appraisals from universally acceptable bodies. The present
Committee on Pest Control and Wildlife of the National Research
Council must, I believe, conclude that wildlife hazards are more se-
rious than we have previously acknowledged. By its mandate, however,
it cannot go far enough. I would suggest that the National Research
Council's Committee on Biology and Agriculture and Committee on
Natural Resources jointly assume responsibility for a general appraisal
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of the significance of environmental contamination by toxic chemicals.
Their appraisal could begin in the context of a yet larger study—that
of man-induced changes in producing ecosystems. Prominent among
the themes of such a study must assuredly be the biological conse-
quences of ever-widening monocultural planting with its resulting
faunal simplification. An attempt must be made to understand both
process of change and change itself in producing ecosystems on a na-
tional scale. Only then will we be able to understand the full im-
portance of environmental contamination with pesticides, and only
then will we be able to protect fully the health of man himself. Even
now, without complete understanding, the manifold effects of pesti-
cides constitute a major issue of our time and one becoming more
serious with each passing year. Understanding is obscured and re-
sponsibility diluted by the present practice within the National Re-
search Council of fragmenting resource problems (subcommittees re-
porting to subcommittees).

I have treated this subject essentially as an American issue, but pest
control, considered as a problem in the management of living resources
for the best interests of man, knows no national boundaries. The en-
vironment is contaminated with toxic chemicals wherever pest con-
trol is conducted throughout the world and the concomitant problems
are remarkably similar, irrespective of differences in the environments
and the cultures of native peoples. The magnitude of these problems
is becoming clear in a few countries in which toxic chemicals are used
extensively. With expanding chemical use, we can fully expect prob-
lems to become more serious throughout most producing areas of the
earth.

International agencies have thus far treated chemical uses only in
the context of immediate goals and limited definitions of purpose. The
World Health Organization, for example, has been preoccupied with
the chemical control of disease vectors, and concern for side-effects is
largely limited to immediate human hazard. The Rockefeller Founda-
tion, though interested in the same goals, has extended its valuations
somewhat further, into the question of what social consequences re-
sult from successful disease control. The Food and Agricultural Or-
ganization presents pesticides to its members chiefly as instruments of
food production. Although immediate hazards of pesticides to human
health are well defined by the Food and Agricultural Organization,
problems under its charge are not approached from a broad biological
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base, nor are the widely ramifying effects of pesticides in producing
ecosystems acknowledged. Until recently, the International Union for
Conservation of Nature and Natural Resources concerned itself prim-
arily with the protection of wild species in game preserves rather than
with the manifold problems of ecologically based resource manage-
ment,

Production and protection are parts of the same cloth. They cannot
be biologically separated. I suggest that international agencies begin
the study of pest control in a broader context, and that, as a first step,
groups be organized to appraise the present impact of chemical con-
tamination of biological resources, whatever the ultimate use of these
resources might be. The Rockefeller Foundation, the organization most
experienced in problems of international biclogy and human welfare,
might best initiate the appraisals, and include recommendations for
appropriate research programs. Other organizations could then assume
the responsibility for study, appraisal, and recommendation appropri-
ate to their purposes.

Immediate action is necessary. We can no longer afford to dismiss
piecemeal the “separate” problems that arise from uncontrolled chem.-
icals in living environments, There are no separate problems.



APPENDIX

Recommendations of the President’s Scientific
Advisory Committee on Use of Pesticides
(Kennedy, 1963: pp. 19-23)

Verbatim transcription of part IV of the President’s report on pesticides is
included here primarily because its recommendations deal specifically with
the activities of federal agencies. Although I have discussed many of the
same recommendations in the text, I have usually done so in a different con-
text. The entire report is commended for reading; it is, in my view, the most
judicious appraisal of pesticidal values and hazards yet to appear.

RECOMMENDATIONS

The Panel's recommendations are directed to an assessment of the levels of
pesticides in man and his environment; to measures which will augment the
safety of present practices; to needed research and the development of safer
and more specific methods of pest control; to suggested amendments or public
laws governing the use of pesticides; and to public education.

A. In order to determine current pesticide levels and their trends in man
and his environment, it is recommended that the Department of Health, Edu-
cation, and Welfare:
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1. Develop a comprehensive data-gathering program so that the levels of
pesticides can be determined in occupational workers, in individuals known
to have been repeatedly exposed, and in a sample of the general population,
As a minimum, the survey should include determinations on fat, brain, liver,
and reproductive organs in adults and infants; examinations to determine if
placental transmission occurs; and determination of levels which may be ex-
creted in human milk. These studies should use samples sufficiently large
and properly drawn to obtain a clear understanding of the manner in which
these chemicals are absorbed and distributed in the human body

2. Cooperate with other departments to develop a continuing network
to monitor residue levels in air, water, soil, man, wildlife, and fish. The total
diet studies on chlorinated hydrocarbons initiated by the Food and Drug
Administration should be expanded. These should, for example, include data
on organophosphates, herbicides, and the carbamates in populated areas
where they are widely used.

3. Provide Federal funds to assist individual States to improve their
capabilities for monitoring pesticide levels in foods which are produced and
consumed within the state.

B. In order to augment the safety of present practices, it is recommended
that:

1. The Food and Drug Administration proceed as rapidly as possible
with its current review of residue tolerances, and the experimental studies
on which they are based. When this review is completed, it is recommended
that the Secretary of Health, Education, and Welfare select a panel from
nominations by the National Academy of Sciences to revaluate toxicological
data on presently used pesticides to determine which, if any, current residue
tolerances should be altered. Of the commonly used chemicals attention
should be directed first to heptachlor, methoxychlor, dieldrin, aldrin, chlor-
dane, lindane, and parathion because their tolerances were originally based
upon data which are in particular need of review. Upholding the same stand-
ards, the Secretary should ensure that new compounds proposed for regis-
tration be rigorously evaluated.

2. The existing Federal advisory and coordinating mechanisms be criti-
cally assessed and revised as necessary to provide clear assignments of re-
sponsibility for control of pesticide use. The Panel feels that the present
mechanisms are inadequate and that it is necessary to provide on a con-
tinuing basis for:—

(a) Review of present and proposed Federal control and eradication
programs to determine if, after consideration of benefits and risks, some
programs should be modified or terminated.

(b) Development and coordination of a monitoring program con-
ducted by Federal agencies to obtain timely, systematic data on pesticide
residues in the environment.

(¢) Coordination of the research programs of those Federal agencies
concerned with pesticides.



Appendix | 297

(d) Initiation of a broad educational program delineating the hazards
of both recommended use and of the misuse of pesticides.

(e) Review of pesticide uses and, after hazard evaluation, restriction
or disapproval for use on a basis of “reasonable doubt” of safety.

(f) A forum for appeal by interested parties.

3. The National Academy of Sciences-National Research Council be re-
quested to study the technical issues involved in the concepts of “zero
tolerance” and “no residue” with the purpose of suggesting legislative
changes.

4. The Secretaries of Agriculture, Interior, and Health, Education, and
Welfare review and define their roles in the registration of pesticides that
are not present on food, but that may impinge on fish and wildlife or come
into intimate contact with the public.

5. The accretion of residues in the environment be cgntrolled by orderly
reduction in the use of persistent pesticides.

As a first step, the various agencies of the Federal Government might re-
strict wide-scale use of persistent insecticides except for necessary control of
disease vectors. The Federal agencies should exert their leadership to induce
the States to take similar actions.

Elimination of the use of persistent toxic pesticides should be the goal

C. Research needs:

1. In order to develop safer, more specific controls of pests, it is recom-
mended that Government-sponsored programs continue to shift their em-
phasis from research on broad spectrum chemicals to provide more support
for research on—

(a) Selectively toxic chemicals.

(b) Nonpersistent chemicals.

(¢) Selective methods of application.

(d) Nonchemical control methods such as the use of attractants and
the prevention of reproduction.

In the past few years, the Department of Agriculture has shifted its pro-
grams toward these specific controls. The Panel believes this trend should
be continued and strengthened. Production of safer, more specific, and less
persistent pesticide chemicals is not an unreasonable goal, but its attainment
will require extending research efforts beyond empirical approaches to more
fundamental studies of subjects such as: the mode of action of pesticides;
comparative toxicology; the metabolism of compounds in insects, plants, and
higher animals; and the processes of chemical degradation and inactivation
in nature. Such studies will also provide the information necessary to control
those pests which are rapidly becoming resistant to currently available chem-
icals. Intensified effort is needed in the search for selective methods of pes-
ticide application. Compounds are often applied in excessive quantity or
frequency because of such inefficiencies as drift, uneven coverage, or dis-
tribution methods insufficiently specific to reach the target pest.
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2. Toxicity studies related to man

The toxicity data upon which registrations and tolerances are based should
be more complete and of higher quality. Although data are available on
acute toxic effects in man, chronic effects are more readily demonstrated in
animals because their generation time is shorter, and thus the natural history
of pesticide effects is telescoped chronologically. However, there will con-
tinue to be uncertainties in the extrapolation from experimental animals to
man, and in the prediction of the nature and frequency of effects in humans
on the basis of those observed in other forms of life.

The panel recommends that toxicity studies include determination of—

(a) Effects on reproduction through at least two generations in at
least two species of warmblooded animals, Observations should include
effects on fertility, size and weight of litter, fetal mortality, teratogenicity,
growth and development of sucklings and weanlings.

(b) Chronic effects on organs of both immature and adult animals,
with particular emphasis on tumorigenicity and other effects common to
the class of compounds of which the test substance is a member.

(¢) Possible synergism and potentiation of effects of commonly used
pesticides with such commonly used drugs as sedatives, tranquilizers,
analgesics, antihypertensive agents, and steroid hormones, which are ad-
ministered over prolonged periods.

3. Toxicity studies related to wildlife

The Panel recommends expanded research and evaluation by the Depart-
ment of the Interior of the toxic effects of pesticides on wild vertebrates and
invertebrates.

The study of wildlife presents a unique opportunity to discover the effects
on the food chain of which each animal is a part, and to determine possible
pathways through which accumulated and, in some cases, magnified pesti-
cide residues can find their way directly or indirectly to wildlife and to man.

4. Amplification of research resources

Only by stimulating training and basic investigation in the fields of toxi-
cology and ecology are research needs likely to be met. An increased output
of basic research data and a continuing supply of capable research per-
sonnel could be ensured by a system of grants and contracts. Training
grants, basic research grants, and contracts to universities and other non-
governmental research agencies funded by the Departments of Agriculture,
Interior, and Health, Education, and Welfare would stimulate this research.
In order to accelerate immediate progress, it might prove useful to explore
the contributions which can be made by competent research people and their
facilities in other countries.
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D. In order to strengthen public laws on pesticides, it is recommended
that amendments to public laws be requested. These should:

1. Eliminate “protest” registrations.

The Panel concurs with the Department of Agriculture that these tech-
nically evade the intent of the public laws. Industry needs an appeal mech-
anism, however, to protect it from arbitrary decisions. Public hearings could
be held on such appeals.

2. Require that every pesticide formulation carry its official registration
number on the label.

The Department of Agriculture has recommended such an amendment
as a means of increasing the protection of the consumer.

3. Clarify the intent of the Federal Insectide, Fungicide, and Rodenticide
Act to protect fish and wildlife by including them as useful vertebrates and
invertebrates,

4. Provide, as a part of the operating budgets of Federal control and
eradication programs, funds to evaluate the efficiency of the programs and
their effects on nontarget organisms in the environment. Results of these
studies should be published promptly.

Approximately $20 million were allocated to pest control programs in
1962, but no funds were provided for concurrent field studies of effects on
the environment. The Department of Agriculture has repeatedly suggested
that other interested agencies participate in the control programs, but funds
have not been available except by diversion from other essential agency
functions.

E. To enhance public awareness of pesticide benefits and hazards, it is
recommended that the appropriate Federal departments and agencies initiate
programs of public education describing the use and the toxic nature of
pesticides. Public literature and the experiences of Panel members indicate
that, until the publication of “Silent Spring” by Rachel Carson, people were
generally unaware of the toxicity of pesticides. The Government should
present this information to the public in a way that will make it aware of
the dangers while recognizing the value of pesticides.
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plification

Balance of nature: and pest abundance,
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physiclogical action, 15; in soil insect
control, 96-97; as mammal poisons,
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tion and viability, 132, 137-140. See
also Aldrin; DDD: DDT; Dieldrin;
Heptachlor; Toxaphene

Cholinesterase inhibition: with organic
phosphate compounds, 15; effects of,
on learning in mice, 133-134; induc-
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Clear Lake, California: effects of DDD
at, 138, 250-254

Community concept: related to creation
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wild ungulates — 56-57, herbivorous
mammals and insects — 228-235; for
survival, between insect species, 272—
273; leading to resurgence, 272-273

Compound 1080: physiological action
of, 16; in deer control, 57; history of
development, 210; hazards in use,
210-211, 242, 245-247

DDD: probable effects on reproduction
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DDT: use in control, spruce budworm —
26-27, gypsy moth — 27-29, Dutch
elm disease — 33-34, vectors — 4344,
codling moth —47; legislation, 29;
volume of production of, 61-62

—, effects of: toxicity, to invertebrates —
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phibians and reptiles — 110-111, to
mammals — 114-115, to birds — 120~
121; population changes, in salmon —
106-109, in fish, secondary to food
shortage — 238-239, in pest insects —
270-272 passim; stimulation, of growth
— 135, of fertility — 135-137 passim;
reproductive changes, in birds, 137-
140; secondary poisoning, 242-244

—, residues of: in tissues, 153-154, 167,

256-257; survival in soil, 163; accu-
mulation in soil, 164-165; delayed ex-
pression of, 259-265

Delayed expression: defined and com-
pared, 241, 248-249; in aquatic
communities, DDD in Clear Lake,
California — 250-254, toxaphene in
Klamath Basin lakes, Oregon — 255-
259, toxaphene in Big Bear Lake,
California — 258-259: in terrestrial
communities, DDT in Dutch elm dis-
ease control —258-264, DDT in spruce
budworm control — 264-266, dieldrin
and heptachlor in fire ant control —
266-287

Delayed toxicity: defined, 241. See also
Residues

Depredations, crop: by birds, 49-51; by
mammals, 51-52; caleulating eco-
nomic loss from, 52-53, 54: use of
repellents to lessen, 127-129

Dieldrin: in fire ant control, 85; second-
ary poisoning from, 242, 244

Dutch elm disease: control campaign,
32-34; secondary effects of control of,
262-263

Economics: methods of estimating loss,
4547, 49-51; cost of mammal control
operations, 51-57, 231-232

Eradication philosophy: in gypsy moth
campaign, 28-29; in Japanese beetle
campaign, 30-31; versus quarantine,
75

Extinction of species: by pesticides, 177-
178, 179

Faunal composition, insects: changes in,
from pesticides, 276-277; species re-
placement, 278

Faunal imbalances: in crop ecosystems,
37, 38

Faunal simplification: within soil, 99;
role of pest control in, 176-177

Federal Pest Control Review Board, 81

Fire ant control program: account of,
34-36; adverse effects from, 111; tis-
sue contamination in animals from,
265, 266-267



Fish: effects of control campaigns on,
106-108, 238-239

Food: substitutions, 221-227; competi-
tion for, 227-235; effects of pesticide-
induced shortage of, 237-239

Food additives. See Legislation

Forests: methods of evaluating loss im,
57-60; insect damage in, 58-59; ver-
tebrate depredations in, 59-60

Functional response: as component of

predation, 198-200

Grasshoppers: conditions favoring, 234-
235
Gypsy moth control campaign, 27-30

Hazards, pesticide: methods of assessing,
19-21

Heptachlor: in fire ant control, 35; resi-
dues in soil, 163; conversion to epox-
ide, 163, 166; epoxide in animal tissue,
265, 266-267

Imported fire ant. See Fire ant control
program

Insecticides. See Arsenical compounds;
Chlorinated hydrocarbon compounds;
Organic phosphate compounds

“Insecticidal check” method: to assess
value of predation, 274-275

Insect Pest Act of 1905: insect quaran-
tine, T4

Integrated control concept: described
and exemplified, 36-41

Japanese beetle control campaign, 30-32
Kennedy Report, 294-299

Legal challenges, against control pro-
grams: gypsy moth, 29; fire ant, 35-36;
wild ungulates in New Zealand, 56-57

Legislation: “DDT trial,” 29; bounty
systems, 68; Federal Food, Drug, and
Cosmetic Act, T1; Food Additives
Amendment, T1; "Miller Bill,” 71;
Governors’ committees on pesticides,
California and Wisconsin, 73; Insect
Pest Act, 74, 76; for federal control
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programs, T7; pesticide registration,
78; nature protection, T9-81; sug-
gested Chemical Pesticides Coordina-
tion Act, 81
—, quarantine: discussed, 73-76; inter-
national organizations, role of, 75-76;
extensions of Plant Quarantine Act, 77
—, residues in foods: setting tolerance
levels, T1; specialists’ reports, T2-73
Local control: comparison with mass
control, 23-25

Mammal control, 113-114, 208, 210.
See also Rodents

Mammal poisons, controversy over, 113-
114, 208-211

Mass control: compared with local con-
trol, 23-25. See also Fire ant control
program; Gypsy moth control pro-
gram; Japanese beetle control cam-
paign; Mammal control; Rodents

“Miller Bill,” 71

Monoculture, plant: in forests, 59; re-
lated to biotic simplification, 191

National Research Council: Committee
on Pest Control and Wildlife Relation-
ships, 82

Nature protection: of desirable forms,
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New Zealand: mammal control in, 56-57

Numerical response: as component of
predation, 198, 200-201

Organic phosphate compounds: physio-
logical action of, 15

Pest control: arguments against pesticide
use, 5, 285-286; supervised, 39, 41;
review of basic problems, 284-285;
recommendations, 287-291, 294299

Pesticides: classification, by physical
state — 11-12, by target species — 12—
13, by purpose of application — 13-14,
by physiological action — 14-16, con-
densed — 18; volume of production,
60-63; aerial application, 63-65; ef-
fects of, influence in the sea — 91-93,
on reproduction — 132, human mor-
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tality — 150151, faunal instability —
269-270, 275-278, on nutrition — 272~
273

Pollinating insects: effects of insecticides
on, 101-102

Pollution, by pesticides: of fresh water,
86-90; of tidal marshes and the sea,
90-93; relation to fish, 104

Predation: wvulnerability to, among poi-
soned individuals, 133; functional re-
sponse, 198-200; numerical response,
198, 200-201; selectivity in, 201-203;
limitation of prey by, 203-2086; atti-
tudes toward, 213-218; insecticide re-
duction of beneficial, 273-274; assess-
ing value of, 274-275

Predator control: federally administered,
68-69

Predatory animals: desire to preserve,
215-216

Predatory mammals: philosophy of con-
trol, 51, 53, 55-56; cost of control,
54-56

Quarantine, insect: history, 72-75 pas-
stm; reasons for, 73-74; legislation,
74, TT; procedures, 74-75; interna-
tional organizations, 76

Rangelands: pest control on, 220-235

Recommendations, 287-291, 2594299

Repellent, 125-129 passim

Reproduction: pesticidal influences on,
136-140

Reptiles: effects of pesticides on, 110-
111

Residues, pesticide: discussed, 159-161;
in foods, tolerance levels of — 71,
controversy regarding — 152153, sur-
vival times of — 160-161; in organ-
isms, marine food chains — 93, pheas-
ant tissues — 139-140, human tssue
— 154, fish tissue — 252-253, fish-
eating animals — 255-257, 258-259,
bird tissues — 261, various animals —
265, 266-267: in soil, accumulation of
— 97-98, alteration of — 163, 165-
167, after DDT spraying — 262; trans-
fer of, in surface runoff waters — 109,
biological carriers — 168-170; effects
of, on fish — 109, on birds — 177-178;

biological concentrators of, 170. See
also Biological concentrators of pesti-
cide residues; Delayed expression;
DDT; Legislation

Resistance to insecticides: biological
causes, 142-143, 145; species having,
143-144; effect of, on population den-
sity, 146-147; in fishes and amphibi-
ans, 146; and pest resurgences, 273

Resurgence, in numbers of pest insects,
270-275

Rodents: field, 123; range, and livestock
grazing, 230-232

Salmon: effects of DDT on food organ-
isms of, 89-90; effects of DDT on
populations of, 106-108

Secondary poisoning from pesticides: in
egrets, 116-117; in raptorial birds,
119; defined and compared, 169, 241-
242, 248-249; instances of occurrence
listed, 242

Sodium fuoroacetate. See Compound
1080

Spruce budworm: control campaign, ac-
count of — 25-27, and effects on fish
— 239-240; damage to forests by, 58
a9

Strychnine: physiclogical action of, 18
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Succession, in ecology, 188

Thallium: physiological action of, 18;
controversy regarding, 208-209; sec-
ondary poisoning by, 242, 246

Testing procedures: pesticides, 19, 21

Toxaphene: classification of, 18; delayed
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259

Warfarin: physiological action of, 18
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Weeds, plant and animal: concept dis-
cussed, 193

Vector control: defined, 43; rationale for,
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K. O. WHYTE

"Dr. R, O. Whyte, in this second (fully revised) edition of Crop Production
and Environment has done great service to all who are interested in world
crop-production problems, be they agronomists, farmers, plant-breeders,
crop ecologists, agricultural botanists, general biologists, or geographers.
It deals not only with the influence of external factors such as light, tem-
perature, water supplies and altitude on plant growth, development and
reproduction, but also indicates how these factors influence the produc-
tion and distribution of the more important crops throughout the world

. . it is very well produced with an excellent list of references and a very
adequate index.” The Guardian 63s net

MICRO-ORGANISMS AS ALLIES
G. L. DUDDINGTON

‘The author has been conspicuously successful in shaping so much hetero-
geneous material into an intensely interesting text . . . the book contains
a wealth of background material, so that while it loses nothing in value to
the student it can still be enjoyed by the non-specialist the book gains much
in appeal from its direct conversational style, while its range makes it un-
likely that it will readily lose topicality.” Dr. A. H. Cook in the New
Scientist 255 net

SOIL BIOLOGY
With special reference to the Animal Kingdom.

WILHELM KIIHNELT
Translated by Norman Walker

“Very few scientific authorities have attempted to survey the world litera-
ture on soil biology, and condense the information to a medium-sized
book. The encyclopaedic knowledge and balanced wisdom nf F"“FESEDI'
Kiihnelt have enabled him to accomplish this feat . hw '

studxe-:i I:'r:-.f every agncultural scientist worthy of "
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