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SINGING INSECTS

WHAT ARE SPECIES AND WHO STUDIES THEM?

This book is about animal species: what they are; how they orig-
inate; how they live together; and what the concept of species means
to man in his attempts to explore and understand the world in which
he lives.

Most people already have a general idea of what species are like
—they are different “kinds” of things. But how different can two indi-
vidual animals be and still belong to the same species? How much
alike can two animals be and still belong to different species? How
does speciation—or the formation of new species—come about, and
how frequently does it happen?

Most people also have heard at one time or another that there
are more than a million known species of animals and plants. But
how many new ones are being discovered each year? What are the
new ones like? Where are they being found? Are they newly formed
or simply newly discovered? How many are becoming extinct each
year? Is the total number getting larger or smaller? Does it make
any difference to us?

How much do we really know about the million or so species
that we already have discovered? How many of them are simply
names associated with one or a few dead, dried specimens, “study
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skins,” or skeletons covered with dust somewhere in a museum with
little or nothing recorded about where and how they live anci how
they came to be?

How well do we need to study the species of the world if we g, e
to continue to improve and develop human existence and make t};
into an ever better place in which to live? How well do we neeci
to study them if we are merely to survive? Which ones can we g,
without? Which ones will we want back after they are gone?

How urgent are all these different questions? Who is investigatin
them? Who can give the answers? &

SYSTEMATICS

Obviously, in a book as small and specialized as this one, so Mmany
problems cannot all be explored thoroughly. But together they give
a general idea of the themes which run through a field of study in
biology that is scarcely known at all outside universities and museums,
This field is systematics—sometimes called taxonomy. It’s the science
of classification, but in biology it turns out to be a great deal more
than just classification. For all living things on Earth have evidently
come from one—or at most a few—beginnings. Living organisms are
all interrelated, and to study their differences and similarities—to
classify them—is to study their history and the history of the world.
Of course, it is only through a knowledge of history, long-term and
sho.rt-term, that we are able to predict; and prediction, in all its
various guises, might be described as the ultimate goal of nearly
every human enterprise.

’I.‘he systematist is the student of animal groups. Unlike the physi-
glogxst or the.gen'eticist or the embryologist or molecular biologist, he
‘ :f; I::ltdo;:lma;ly' look about for a principle or generalization to
g Znost eas:e]n oe(:Ide upon the' animal through which that principle
g undezst ;ngliost appropnately' be studied. Instead, he concen-
e Wil bitsngfa ﬁoup of animals or plants, searching out all
sbout s “pet" gron o k onn;tlon that have ever been discovered
discovering new one P. He studies the species one by one, perhaps
: ; s, deciding upon relationships, filling i s in
information wherever the exist, f i ol L
climatio changes, and ysi g’ st, ferreting out details of prehistoric

» g everything available from the fossil rec-

ord to match 4 ith
Peaffid and hm‘}r) :tw evolllx(:W and where he thinks his group first ap-

ed. He may construct a catalog of all the
giving their relationships and geographic

Jished anywhere in the world in any language about his particular
oup of animals. One of the goals of almost every systematist is to
ublish eventually a monograph, or compilation, of everything worth
knowing about his group—information of every kind, from every source.
Systematics, in a sense, is really where all biology begins and also
‘is very close to its ultimate goals. This is where the names of animals
come from, where the identification of species starts. It is the means
by which the physiologists and geneticists and embryologists and
other kinds of biologists are introduced to all the different kinds of
animals that they must sort through in order to find the particular
ones that are most likely to help them answer their special questions.
Frequently the systematist's work also provides the focus that allows
the experimental biologists to locate a significant problem, or a solv-
able one, to investigate. When all of the other kinds of biological
investigators are finished with their particular studies, then back to
the systematist goes practically everything they have discovered. All
kinds of information are grist for his mill. He is, at his best, one of
the ultimate synthesizers as well as the chief frontiersman.

It is, to one degree or another, around the work of the systematists
that the term “natural history” has always had its most convincing
meaning: systematics is, indeed, a methodical chronicling of the his-
tory of nature. The systematist, therefore, has to be a little more of
a historian than most biologists, but he is also part detective and a
little bit experimentalist. He usually has a great desire to explore—
to describe and to compare. His endeavors are the kind that may
involve not only traveling to the far corners of the world and living,
at least briefly, under primitive and sometimes uncomfortable out-
door conditions, but also laboring patiently, hour after hour, in mu-
seums that most often are old, dark, and stuffy.

To understand the concept of species and the methods used in
studying the species in any animal group, it is necessary to speak gen-
erally for a moment and consider the entire process of organic evo-
lution and how it works. Every civilized human has an obligation to
understand this process, for it is the most extraordinary event that
we (as yet) know has occurred anywhere in the universe. We may
speak of the strong possibility that life exists outside our own solar
system; but even if this is true, that life is still inaccessible to us and
likely will remain no more than an untested possibility for a long
time to come. Within our solar system we have only the so-called
“canals” and seasonal changes of color on Mars in which to place
any hope that another kind of life has evolved. As a result, in this
otherwise relatively simple and lifeless solar system that we inhabit,
the process of organic evolution on Earth stands as the most remark-
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event in all history. Nothing is more fitting, as
d across the face of the earth and t,
increase our power and the extent of our organized knowledge, thay
that we spend an increasing amount of time and effort to understang
the other living things upon which we wholly depend, not only for
the “good life,” but for survival itself.

able, most complex
we humans continue to sprea

MECHANISMS OF EVOLUTION

Organic evolution proceeds principally as the result of three
phenomena: mutation, selection, and isolation.

Mutation is change. With regard to organic evolution, it is change
in the hereditary materials—in the genes located on the chromosomes
in the nuclei of the sperm and eggs and spores and other reproduc-
tive cells of animals and plants. Changes in nonreproductive (or
somatic) cells may be important to the particular individual possess-
ing them; but only changes in the reproductive cells, in individuals
not yet past reproductive age, are of evolutionary significance.

Gene mutations are apparently changes in the chemical structure
of the nucleic acid molecules that make up the genes. In a sense, they
are all accidents; for they are not directed in any way toward making
their possessor more fit to get along in the particular environment in
) which he lives. Even their rates of occurrence, at least in the vast

majority of instances, seem to be totally independent of any “need”
y by the organism either to change or to remain stable. Mutations are

caused by radiation, and—at least in artificial situations—by chemicals,

heat, and other agents as well. Because modern animals are so com-

plex, and because all the different parts of the genetic makeup of
:‘ each animal are so intricately interadapted for the particular life it
i lea(.is, most gene mutations actually prove to be harmful. But these
! fzocldents have to occur if evolution is to proceed. Even if only one
| in a.million proves beneficial, it is still true that mutations alone
provide the raw material of evolutionary change.

Natural selection sorts and arranges the mutations by a passive
gl?::svied 'ellllmm;tlon.and as a result causes their accumulation in
e might otherwise think of as extremely unlikely combinations.

ecton operates through differential reproductive rates: some of

th ;
ose few mutations that are beneficial give their possessors a better

chance to live lon enough
to : z .
sessors a better cl? g0 to reproduce, and others give their pos

: ance of reproducing more abundantly.

. cccl:l nl: f:S}; v::)lutt?;nk bthat xlnutation and selection arz enough to

would bo.ly b st ln, ut.w1th these two mechanisms alone there

bty 1.4 g'e species on Earth. The formation of new species
‘on as well. When two populations of animals are sepa-
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rated from one another by an accident of geography or climate or
transport for a long enough period of time, they will become suffi-
ciently different, through the action of mutation and selection on each
of them, that they will never be able to merge or combine into one
species again—thus destined forever to be sgparate evolutionary lines.
The process whereby this kind of irreversibility in evolutionary di-
vergence between populations comes about is called speciation, and
its products are species. But to understand it we have to pause a
moment and consider how and why isolated populations can become
so different that they cannot amalgamate-why some of them do not
speciate but instead re-amalgamate when they come back together.

Practically all animals are sexual. Usually this means merely that
there are two or more kinds of individuals with different roles in
reproduction: male animals produce sperm which fertilize the eggs
of female animals, thus producing a zygote which develops into a
new individual. This kind of animal is bisexual (has organisms of
two sexes).

There are many other kinds of sexuality as well. Some kinds of
animals, such as earthworms and leeches, are consistently hermaphro-
ditic: each animal is both male and female, and during the mating
of two individuals, the sperm from each fertilize the eggs from the
other. In some cases, hermaphroditic animals may even fertilize them-
selves. In still other cases, a single individual may play the role of
one sex during part of its life and transform to the other sex later on.

Many kinds of animals, particularly insects, have lost the male
sex and are able to produce offspring from unfertilized eggs. Most of
these parthenogenetic animals, however, either occasionally or regu-
larly produce generations that are bisexual. Aphids, or plant lice, are
a good example. Some kinds of animals, such as jellyfish and some
parasitic worms, have asexual and bisexual generations produced in
some kind of predictable alternation. A fertilized egg, for example,
may develop into an individual which then reproduces by fission—
dividing into two or more complete individuals. Humans occasionally
reproduce asexually when a single fertilized egg or zygote, instead
of developing into one individual, first divides completely into iden-
tical twins. Triplets, quadruplets, and even sextuplets can be produced
by repeated complete division of a fertilized egg. In some animals,
such as sheep, this process is fairly common, while in others it is the
rule: A North American armadillo always gives birth to four identical
offspring, all produced by double complete splitting of a single fer-
tilized egg.

There may also be more than two sexes within a species.”ln some
one-celled organisms there are several different “mating types”—for ex-
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ample, in the tiny, slipper-shaped organisms frequ.ently studied jp
biology classes and belonging to the genus (or SPOILS group) Parq.
mecium. In paramecia, sexuality and reprod'uctlon are related in gy
unusual way. Reproduction is a matter of fission. And, as in most ce]]s
that divide by fission, the nuclear material is duplicated and distril,.
uted during mitosis. (This is essentially the same process as the one
by which a one-celled fertilized egg becomes a many-celled animal.)
In Paramecium, mitosis can occur without sexuality—at least for some
time. Sexuality is exhibited during a process called conjugation when
two individual paramecia come alongside one another, form a slender
protoplasmic bridge between them, exchange some of their hereditary
materials, and then go their separate ways without having produced
any new individuals. Within a few hours following conjugation, how-
ever, reproduction by mitosis always occurs. In other words, sexual
recombination does not occur simultaneously with reproduction, and
reproduction without sexuality can also occur. But sexuality is never-
theless linked to reproduction, even in these strangely specialized
little organisms.

The peculiar sexuality of Paramecium partly explains why I'm
going to the trouble of describing different kinds of sexuality in con-
nection with the process of speciation. During conjugation, essentially
what happens is the exchange of hereditary materials (genes) by
individuals. In other words, when two paramecia conjugate, neither
goes away as the same animal it was before entering the act. Each
one carries part of the other’s hereditary material, just as the offspring
of a normally bisexual animal carries hereditary material from both
its father and its mother. This is the significance of sexual reproduc-
tion: it provides the species with the chance to shuffle its genetic
materials into all possible combinations and thus to produce as many
‘t‘ilﬂerent kinds of individuals as are possible with its own particular
_poolj’ of genes. This is how a group of individuals can maintain
identity as a population. And it provides a clue for the question of
how populations can become irreversibly divergent from one another.

The evolution of living things has been an increasingly compli-
cated af.fair. It is also a rapidly changing one. Habitats and niches
for parflcular kinds of organisms are here today and gone tomorrow,
as species multiply and change and live together in ever greater num-
lc;ers .and ever more c.omplex interrelations. If we consider sexual repro-

uction and recombination in this light, then it is not difficult to see
glgztbéac;r;mendous advantag.e it must be to most kinds of animals
T th: iC:cIIJ_al?(lie of evolving it. Without the ability to shuffle and
g, o 131 ual hereditary units that it has, a species or popu-
e doomed to producing only a small definite’ group 0
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different kifldS of illldiv.iduals. Each individual would really be a sepa-
rat.e evoltfhonary line in itself, for it could never mix its genetic ma-
tenals. with any other. The only way that any particular set of
hereditary mate.rlal's 'could produce a new kind of individual, starting
in one asexual individual and continuing only in its daughter organ-
isms or offspring, would be through mutation. Furthermore, new mu-
tations would only have one chance to confer their potential advan-
tages: they would have to be advantageous as a component in the
hereditary makeup of the particular individual in which they first
appeared. They would have no chance to be shuffled into some other
combination where they might prove to be more viable. And they
would only be spread by happening to appear in the makeup of an
individual that is going to have a large number of successful descen-
dants. In some ways of life or some kinds of organisms, this condition
must be advantageous, because unisexuality (or parthenogenesis) has
evolved many times from bisexuality. The significance of bisexuality,
on the other hand, is revealed by its prevalence throughout the animal
kingdom.

Not so long ago biologists believed that a high proportion of the
world’s species are asexual; but when these species are studied care-
fully, most of them prove to be sexual organisms after all, though
they may have many asexual generations for every sexual generation.
Sexuality has been overlooked in some animals because, for one thing,
it sometimes requires special conditions for its appearance. As a hy-
pothetical example, a particular kind of single-celled organism might
require a temperature between 20 and 25 degrees centigrade, a
particular light intensity, and a shortage of food before it would
conjugate or mate, before it would become sexual. As a result of
such possibilities and the large proportion of species that have been
revealed to have sexual periods in their lives, the burden of proof
now falls more heavily on the shoulders of the investigator who be-
lieves that his animals are totally asexual. Are his animals truly asex-
ual, or are they simply not being provided with the conditions tl}at
would allow sexuality to appear? All of this is important to the species
concept because sexual reproduction lies at the very h-eart of tht? pro-
cess of speciation; it is difficult to classify populatiqns in a rr'lear'uflgful
way at the species level in an asexual animal in which each individual
represents a separate evolutionary line. ' .

If you consult one of the better dictionaries or encyclopec'ilas for
a definition of species, you will usually find a phrase something like

this: “actually or potentially interbreeding populations.'” Accordi-ng to
such a definition, a species is a group of individual organisms suﬂicn?nt!y
; fully among themselves. Within

alike to hybridize, or interbreed sucess
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ch genetic variation. For example, hereditary

afpeCies there m:::u: :l:riaﬁons in color of hair or skin, size, mental
differences may ous body parts, behavior, or physiology." Never.

;.;epre?sty;nstlillavrx’g:af]sva;dl such variations will all bilong to ﬁ;heaﬁame

ies because of their ability to interbreed and thus continu ly to
spect 4 redistribute these differences. Good examples of genetically
mix uPn:nPOP ulations belonging to the same species are t.he different
breeds of cattle, horses, sheep, or other domesticated animals which
man has isolated from one another and purposely selected for dif-
fem::zh;:i}xt in passing, man stifl has probably not caused speciation
among domestic breeds—even though he has often made breeds seem
much more different than separate species are in nature. How do we
account for this? Even two incompatible breeds of dogs (Chihuahua
and St. Bernard, for example) would merge if they and all other dogs
were released to make their own ways as wild animals. They would
merge because there are breeds that are compatible with both of them,
providing a “bridge” for the gap between them.

But suppose that we eliminated all dogs but St. Bernards and
Chihuahuas from an island and then let these two breed as wild
dogs. There is little doubt that, unless one of them became extinct,
the Chihuahua and St. Bernard would go their separate ways on this
island, behaving as perfectly good species—which is precisely what
they would be in this situation] Where, then, and how must the tests
of speciation take place? In the last analysis we must deal not with
a eatilleo;:atical questtign é)r “potentiality” but with the actuality—what
really happens in the field.

I think you can see what difficult questions are raised by this
e!.(ample, paihcularly w1,t'h our classification of populations that do not
give us the natl%ral test” because they do not live together in nature.
tli{lz“; ‘it;u»t\ire decide how to treat such populations in our analysis of
e e i:aiydipg‘ocess? Clearly,. we must find out whether or not

y ditierences that will probably lead to incompatibility

guﬂ:;dl;, alzsb 3:‘?; to dl.(eetp on hybridizing until amalgamation has oc-
indicate s iati
We can only find such i [:if;;;:rlon even before the field test occurs.

ences by knowing our animals thor-

= individuals of a species
tional or other environmental dl'1 e :
resulting from hereditary dniﬂi:rerzéhf <o, o e o 2
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To summarize, within each of two isolated populations, sexual re-
production results in the individuals continually mixing up the muta-
tional differences that develop among them. Sexual reproduction also
spreads any mutations that appear throughout the population, unless
such mutations are so disadvantageous that they are quickly eliminated
by selection. If the mutations that occur in two different isolated
populations are different (and they almost always are, because the
odds are so great against identical changes taking place indepen-
dently), and if the selective action of the two different environments
in which the populations find themselves are different (and it almost
always is, at least slightly, in two different places), then divergence
between the populations is bound to occur. But the critical question
for speciation is: When does such divergence become irreversible?
How can we predict that two populations which are very similar will
nevertheless be unable to amalgamate because they have diverged in
some important, though perhaps imperceptible, fashion?

WHY STUDY SPECIATION?

It is not difficult to see why the speciation process has always
fascinated biologists: not only is there a great deal that we don’t un-
derstand about it, but also its mechanisms lie at the very heart of
evolution. Every separate evolutionary line, whether it be the entire
animal kingdom, or all the mammals, or the insects, or any other group
that has a single common ancestor, began in a speciation process.

We ought to expect, as a result, that some characteristics of every
evolutionary line—however large or small-will have been determined
by the events of one or more speciation processes. We cannot under-

stand which parts, and to what extent, until we comprehend the nature
of speciation.

UNANSWERED QUESTIONS

How long does it take for isolation to produce separate species?
What kinds of isolation are sufficient to produce separate species?
Have there been periods in the history of the world during which
speciation took place very rapidly and other times when little was
Occurring, or is speciation going on around us all the time? Is specia-
tion merely a matter of the number of differences that arise in isolated
Populations, or is it principally the result of particular, critical kinds
of changes taking place? Is it quantitative, qualitative, or really both?

Which of the differences that we see in very closely related species
today arose while they were still isolated from one another and were
involved in their incompatibility when they came back together?
Which arose after they came back together, perhaps being retained

13



as the result of the two species’ interaction? Which of the differenceg
that we see between populations that are isola:tec.l now, and thus up.
dergoing divergence, might contribute to speciation, and which have
no significance at all in this regard?

No man has observed the process of speciation from beginning to
end. Apparently it takes much longer than a human lifespan for specia-
tion to occur, at least in all the animals we know much about. Then
how can we find the answers to the questions asked here? We study
contemporary species and their interrelationships in all regards—geo-
graphically, ecologically, behaviorally, geneticall).r, physiologically—and
in any other way that can be found to make a significant comparison.
We use the fossil record to “predict” backward in time. (We predict,
in this sense, both ways in time—on the basis of partial information that
will eventually be more complete, not only for future events but
usually for past events as well.) We compare cases in which speciation
has been intercepted at one stage or another with cases in which
speciation is barely complete. :

The systematist naturally has to be interested in studies of all
animals. But for his own investigations, he is necessarily restricted to
a group small enough for him to understand it. This is the systematist’s
particular brand of specialization in biology. If he is going to find out
anything of sufficient importance to place into the scheme of things
biological, then he must become at least temporarily “narrow-minded”
in his pursuits. Only from relatively narrow and specialized investiga-
tions can significant new information be added to a field as complex
and many-sided as biology.

On the other hand, it is also clear that there are generalizations to
be made about species and speciation. Some things are the same no
matter what group of animals one is examining. 1 am going to tell
you a})out My OWn experiences in becoming acquainted with specia-
tion—its novelties and its problems and its principles—in a rather
heterogeneous group of insects, commonly referred to as the “singing”
insects, These are the insects that make the noises that £l the night
air, and sometimes the day air too, in most parts of the world. Their
f:;‘;nf’:n:;‘:i 1'3-:1135 anq buzzes have always been a part of man’s en-

> and their influence is so prominent that they are still being

amo:)ghie moving ?i ure and television producers to create nocturnal
€s—even for modern city d ; 1dom
hear these sounds. ty dwellers who otherwise se

There are three insect families i ; b D :

) . involved in the singing insects dis-

o e ore: the crickets (Gryllidae), the katydids (Tettigoniidae),
cadas (Cicadidae). The accounts are based chiefly on my
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own personal study of these animals during the past ten years. Some
of these stories are merely unusual, but others are without parallel
anywhere in the animal kingdom. Each has been selected because it
illustrates some of the particular questions I have raised in this intro-
duction about what animal species are, how speciation occurs, and

how we can be sure that we are correctly interpreting this part of the
evolutionary process.

THE FIELD CRICKETS: WHAT SIBLING SPECIES ARE
AND HOW THEY LIVE TOGETHER

Approximately three thousand species of crickets are known in the
world. The field crickets make up a special group of about four hun-
dred species which live on the ground and excavate shallow burrows.
These are the crickets that “look like crickets” as far as most people
are concerned—large, heavy-bodied, black, brown, or yellowish insects,
perhaps best known for their rather loud, musical chirping.

It is appropriate to use field crickets to introduce the subject of
species and speciation for two reasons. First, their classification has
undergone some remarkable changes in the past few years as a result
of changes in the ways that systematists have studied species and
their relationships. Second, it is through a study of the field crickets
that I first began to understand what species are really like and how
they may form. Actually, there is a third reason which is somewhat
incidental, and yet not trivial, and this is that field crickets occur al-
most everywhere. If you are really interested in understanding a species
or two firsthand and in understanding its closest relatives as well, you
can do this almost anywhere that you may live by going out and
watching (and perhaps studying awhile in a cage) the field crickets
that live in your area.

QUESTIONING AN OLD IDEA

My acquaintanceship with field crickets began several years ago
when, as a graduate student just starting in research, I read an article
in a scientific journal that excited my curiosity. A biologist in North
Carolina, the late Dr. Bentley B. Fulton, had discovered that he could
tell apart four kinds of field crickets just by listening to their songs.
He could not get them to hybridize in the laboratory, and they lived
in different kinds of habitats—but they appeared to be structurally
identical, even when seen under a microscope.

Dr. Fulton’s discovery had a double interest for me because I was
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-cri lassification believed that all
GWart that' the exPer;s OI:O{:: lg;::tl}ikgtolfth, and Central America, and
the field CHCket'slfm:i: bicr dering the’zse regions, belonged to a single
o a]lhtihe 1;;125ion had been reached as long ago as 1915 through
spec1es;/dT] Sei(l)laustive studies utilizing all the methods systematists
suP§0§ é’mse days. Thousands of specimens had been examined,
o md and studied in the laboratory, and their characteristics had
been plot;ed on scatter diagrams (see F° igures 10-12) and (')therwise
examined statistically. Because no discontinu1t1es_ct.)uld be c?lscovered
among them, it was decided that there were no distinct species among
the New World field crickets.

Dr. Fulton’s method—listening to the songs of crickets—could
scarcely be described as an “orthodox” systematic procedure! But his
paper raised some interesting questions. Perhaps the systematics of
field crickets was not a closed book after all, and if not, what would
be the result of looking at the field crickets from this new point of
view? Of studying them as living populations rather than as specimens
preserved in museum collections? Even though I had collected many
field crickets for biology classes and had watched them as a youngster
living in rural Illinois, I realized that I knew practically nothing about
them, and it struck me that this was very much like the beginning of
a fine adventure.

So I went out the first spring after reading Dr. Fulton’s paper and
collected a few black field crickets in a pasture in Ohio. They were
quite ordinary looking crickets, but as I watched them in the laboratory
and collected more of them in the field, the realization of my ignorance
about them grew. I discovered that I didn’t understand their ecological
boundaries: I didn’t know the kinds of places where they could live
and where they could not. I knew scarcely anything about their
seasonal life history—when the different developmental stages were
gresfint, (;vhere and how each lived, and how many generations
Cfi\éieotfs’el a]eaci‘] year, I didn’'t know whether these were the same
chirpers, 1 (Sl?d ?:r]? in the au.tur.nn or if they were always just spring

hether. e HT:I htng:, the limits of their geographic distribution—
Fulton had ¥0un§i x th;]a same,. for examp.le, as any of the crickets
nowe 2t 16 £ gl dli]s orth Carolina. I wasn t”even sure how I would
living in Ohio] cover some other “kinds” or species of crickets
e it n campard 4 spcis o o lnd,
this is a good analogy, for Z:Cq}?amted L oy bl ool Bt
if he is truly to understand it Ho to go all the way around an island
- He has to know which land masses lie

measure
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closest to it and on which sides of the island they lie, and he has to
geta feeling for how that island was formed. If it broke off from some
other land mass, when did it do this, and how? From which one? I
realized that I couldn’t answer any of these questions for this cricket

I called this first field cricket the “pasture” cricket because that’s‘
where I collected it. Later, however, I discovered it was the same one
that Fulton had called the “mountain” cricket because that was where
he had collected it in North Carolina. Still later, after studying all the
eastern North American field crickets, I decided that this one should
be called the Northern Spring Field Cricket. Here I will always use
such “final” names for the species in order to avoid confusion.

Fulton had discovered his different kinds of crickets by listening
to their songs, and so I began to listen to the songs of crickets too and
tried to decide if any of those I was hearing were different from the
one that I knew to be my Northern Spring Field Cricket. Within a
few weeks I had heard two additional songs. One was a coarse, soft
chirp coming from the oak-hickory woods of central Ohio, and the
other was a very rapid chirping coming from certain kinds of old
abandoned fields in southern Ohio. When I collected the crickets that
were making these different kinds of chirps, brought them into the
laboratory alive, and allowed them to lay eggs and reproduce, I found
that I could separate the three kinds of males by differences in size,
color, and body shape. I could also tell the females of one kind from
the rest, but the other two kinds of females were very difficult to
separate. The differences in the males’ songs were the most distinctive
things about the three crickets. Each song could be recognized by
several different characteristics.

When I tried to cross the first three kinds of Ohio crickets in the
laboratory, I discovered that they ordinarily would not cross-mate but
that occasionally a pair would be compatible and produce hybrids.
T'he hybrids, however, were unusual in appearance; and I did not
discover any of them in the field, even when I purposely collected
ev.ery single cricket from a large area where two of these kinds of
crickets were found together under leaf litter, debris, and stones.

SIBLING SPECIES

During that first season and subsequent ones, I discovered that
there are seven different kinds of field crickets in eastern North America.
They are listed on page 22 by their scientific and colloquial names.
In Figure 1, males (left) and females (right) of all these crickets
?Te drawn to the same scale. Gryllus fultoni is shown as it appears
n Ohio (page 18) and in Florida (page 19).
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AUDITORY APPARATUS

it make any sense to look for sibling species? If we examine all the
different characteristics by which these species are distinguished, we
will discover that in some cases a pair of species is much more similar
to one another than either of the pair is to any other cricket. For ex-
ample, G. vernalis and G. fultoni both occur in woodlands (woodlands
of two different kinds, to be sure, but nevertheless woodlands); they
are similar morphologically, and their songs are much alike. They also
have the same life histories. This surely means that these two species
are sister species or siblings.

You will also notice that G. pennsylvanicus and G. veletis—two
species with differences in life history—are otherwise very similar in
all structural characteristics, being almost impossible to separate by
morphology. Further, they occur in the same habitats, and their geo-
graphical distribution is quite similar. It seems logical to assume that
they also represent a pair of recently evolved species which have an
exclusive common ancestor.

G. firmus seems to be quite similar to both G. veletis and G. penn-
sylvanicus in many characteristics.

Although G. rubens seems quite similar to both G. pennsylvanicus
and G. veletis in superficial structural characteristics, both its life his-
tory and its song are distinctive, and along with G. assimilis we surely
must assume that this species is somewhat apart from the others and
not very closely related to any of them. A careful look reveals many
structural characteristics, such as file tooth count (low in G. rubens),
body pubescence (heavy in G. assimilis), head and thorax color
(brownish in G. assimilis and often with light margins in G. rubens),
as well as the behavioral and life-history characteristics, which these
species do not share with any other member of this group of seven
species. Thus, by comparing these different populations in many
different ways, one begins to arrive at some hints regarding their
origins and the sequence of separations by which they evolved.

. Incidentally, my use of the phrase “closely related” brings up an
Important point. The degrees of difference between two populations
or species depend not only on the length of time they have been
separated but also on their rates of change or divergence from one
another. One must always remember that two similar species may
have been separated a long time with a relatively slow rate of diver-
gence, while two strikingly different species may be more recently

Figure 12. The sound-producing (stridulatory) and auditory apparatus
of a male field cricket. The number of teeth on the file varies among
species.
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rated from G. vernalis, G. fultoni, a‘fd G. ve?etts byftllllls kin'd of dif.
ference. G. rubens is isolated from. neltlller sprllng xéor fall species, hoy,.
ever, because of its two-generation l¥fe. cycle. urlocixsly, G. veles
and G. pennsylvanicus are the _only siblings separate: by a Seasong]
difference. This raises the question of how seasonal differences appear
in the life histories of crickets. But let us defex: that' fo_r now.

If two species have different geographlc d1st.r1but10ns, they
cannot interbreed. We can see by this that G. veletis, for example,
could not interbreed with G. assimilis, because these two species never
meet anywhere in eastern North America; furthermore, these two
species almost surely never did live together. G. fultoni and G. vernglis
have different geographic distributions, but they overlap, while g
veletis and G. pennsylvanicus have almost identical geographic dis-
tributions. G. rubens, again, overlaps geolglraphically with each of the
other six species, just as it does seasonally.

Next, uIr)e can I]wtice that any species living in different habitats
could only interbreed in those cases where adult individuals came
into contact in the region of overlapping between the two habitats.
In southern Ohio we would guess that G. vernalis has relatively little
chance to interbreed with either G. veletis or G. fultoni, which over-
lap ecologically with it only rather narrowly; but G. fultoni and G.
veletis, which are individually intermixed across wide areas, would
surely have a much greater chance to interbreed. As pointed out
earlier, the only field hybrid we have so far discovered appears to
be a hybrid between these last two species. Since the interspecific
hybrids that have been produced in laboratories have distinctive songs,
it is certain that if there were large-scale field hybridization between
any species the extensive fieldwork of the past ten years would have
brought it to light.

Continuing, we can see that G. rubens is again the only one of
the seven species that overlaps ecologically to a rather large degree
with most of the other species—with all but G. vernalis. These over-
laps cause some question about the origin of the distinctiveness in
some of the characteristics of G, rubens, We have to wonder, in other
words, if this species has undergone rapid evolution in some char-
acteristics because of its overlap with so many similar species and
the possible competitive or confusing (at times of sexual activity)
eﬁ'ects.. Aside from this case, it would seem that most of the geo-
graphic, ecological, and seasonal differences described so far among
t%]ese seven Gryllus species arose as a result of their original separa-
tion and dlv‘ergence and not as a result of competition or some other
inefficiency in the way they lived together, This must be so becausé
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ecol(.)gical an.d seasonal ‘differences among the geographically over-
lapping species are not reduced where these species do not overla
geographically, as we would expect them to be if they had arisen
as a result of interaction.

Ecological comp'etition between. Species cannot exist when they
are either geographically or ecologically separated. But if they live
in the same places and merely have different life cycles, as in the
case of G. pennsylvanicus and G. veletis, some compet’itive inter-
actions must occur—adults and juvenile field crickets live in the same
kinds of places and eat the same kinds of things. At this point, how-
ever, we have almost no data on the question of which species dif-
ferences are associated with previous deleterious competition or on
the extent to which overlapping species are affecting one another by
competition now.

Leaving aside the question of competition, then, we may ask
why there are no hybrids, even between the species which are not
isolated geographically, seasonally, or ecologically? This brings us
to the single non-overlapping difference among all of the seven spe-
cies—their song differences. Here I can make a generalization: Among
all the insects in the world in which pair formation and courtship
are mediated by acoustical signals, there is no known instance of two
species that are mature in the same times and the same places having
the same acoustical behavior (the same songs and the same responses
to the songs). Nearly a thousand species have been studied.

The significance of this statement, which cannot yet be made for
any other single characteristic in any animal group, can be under-
stood only if we know the functions of insect song. Among field
crickets only the males make noises. They make three basic kinds
of noises, one during fighting (the aggressive sound), one when alone
—especially at the entrances to their burrows, and especially at night
(the calling sound)—and the third only when in the presence of a
female (the courtship sound). It has always been supposed that the
males’ sounds attract the females. As long ago as 1913, a German
named Johann Regen demonstrated by playing the chirp _Of a male
cricket through a telephone that the female cricket is mdee.d at-
tracted by this noise, but only if she is an adult female which is
sexually responsive—that is, one which has not copulated' (m-ated)
recently. The sound that has this female-attracting function is the
calling song that the male produces when alone, tl‘1‘e song that hun?ags
commonly hear, This sound has been termed a “song” because it is
thythmical and repetitious—actually resembling a human chant more

than any other kind of song.
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Since Regen’s work, the fighting sound has beTn sho\c;lvn to affect
the outcome of aggressive enf:ounters b}t:twf?eﬂ AN, 3‘1 the CO}lrt-
ship song has been shown to mfluence L e tll‘{l)ier:qugl;tz to Znter into
copulation. Only a few expeflments ave k hp ormed to test
whether or not one insect species can respon .to the sound of anothey
species, but thus far no females of any species havef been shown tq
be capable of responding to the sound of the males of another Species
with which they live—even when the songs of the males of the twq
species sound fairly similar to humans. .

In field crickets it is easier for us to separate different species
by calling songs than it is by courtship songs. Very likely the calling
songs are more distinct to the female crickets as well. In the field
a large percentage of the male-female encounters occur as a direct
result of the female hearing the male’s chirps or trills while she is
sexually responsive and moving toward his burrow or his calling
station. Thus those song differences must be involved in keeping
males and females of different species from encountering one another
in the field even when they live in the same habitats and are adult
at the same time of year. Consequently we may refer to the males’
calling songs as interspecific reproductive isolating mechanisms.

There are unidentified mechanisms, in addition to the calling-song
differences, that allow different species of field crickets to live together
efficiently—even in addition to the differences in habitat and the dif-
ferences in season and geography that have been described. The
proof lies in the fact that there is inevitably much less interaction
between males and females of different species than between those
of the same species, even when they are kept together in a small cage
where the calling song cannot affect pair formation. This may be
a result of chemical differences between the species that they can
sense at close range but that we have not yet discovered. There are
detectable differences in the courtship songs, and these may also be
significant to the females. But the consistency of calling-song differ-
ences among species which are adult at the same time and in the
same places not only makes this the best clue to species recognition
among animals which are otherwise difficult to tell apart, but also
suggests that this is a very potent means by which the members of
a species distinguish their own kind. Undoubtedly, this must be
wiawed as one of the major mechanisms for increasing the efficiency
with which the two species can live together. If a female of species A
reacts to the song of male B and yet cannot copulate with him or
hyb.ndlze v.mth him once she has been attracted to his burrow or his
calling station, then she has wasted some time and energy in respond-
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ing to his call. Consequently, those females which develop an ability
to respond only to their own males and those males which develo
a song to which only their own females will respond are more likelp
to leave offspring than those which are unable to discriminate thei)ll'
own species. In this way selection must have operated to produce
the consistent song differences that we see now. And this is wﬁ son
differences are such an extraordinarily good clue in distingu);shing
species of field crickets. g

Incidentally, I have not yet said anything about the question of
why it might be disadvantageous for two newly encountering popu-
lations to hybridize. All of the differences between siblings that I
have talked about so far merely indicate that selection at some time
in the past did operate to keep populations apart rather than to
cause them to amalgamate. There are many possible reasons for
disadvantage in amalgamation: the hybrids may be imperfect indi-
viduals; they may be unable to attract mates; or they may be of such
a nature that there just isnt an appropriate place or way for them
to live. This is an individual problem for each instance of specia-
tion, and one that can be solved only by field study. We used to
think that incipient (or newly forming) species are always so dif-
ferent genetically that hybridization is usually impossible, or that
at least the hybrids would be defective. As a result, this problem
was frequently left for the geneticists to solve. Now we know that
such great differences between newly formed species are at least
not the rule. The reasons for speciation must be much more subtle,
and our understanding of them must depend upon detailed knowl-
edge of the interaction of each pair of populations and their hybrids
within the particular environment where the populations meet.

To summarize, then, we may say that field-cricket sibling species
are able to live together efficiently because they can occupy different
ecological niches and also because they can evolve differences in
pair-forming mechanisms which reduce deleterious or wasteful sexual
interactions. We can also generalize at this point that it is not only
better to use a large number of characteristics to distinguish and to
classify species in any animal group, but it is also fitting to locate
those characteristics by which the animals themselves distinguish
one another. There is an old verse which goes as follows:

Behold the happy, bounding flea,
You cannot tell the he from she;

The sexes are alike, you see,
But he can tell and so can she.

The moral of the story is that fleas don’t use the same things that
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we do to tell males from females. The verse can be extended ¢,
include the differences between species as well as differences betweep
sexes. Someone has remarked that few bird species are referred t,
as siblings simply because birds use vision and hearing to a greate,
extent than, for example, insects; consequently, the kinds of differ.
ences that evolve as reproductive isolating mechanisms are oftey,
the same kinds of differences that we humans use to separate bird
species—principally plumage color differences and song differences,
The suggestion is that we can distinguish most of the closely related
bird species more easily than we can distinguish closely related species
in most other animals. If we paraphrased the flea verse, perhaps
rather awkwardly, to make it apply to species differences instead of
sexual differences, we might say:

Behold the happy, bounding fleas,

You cannot tell the A’s from B’s;

The species are alike, you see,
But the A’s can tell and so can the B’s.

REGIONAL DIALECTS IN THE TRUE KATYDID:
SPECIATION INTERCEPTED

The field-cricket species that I have described so far have shown
no significant tendency to hybridize in the field, and all of their
characteristics are relatively unchanging, as individual species go.
In other words, there is no question that speciation has been com-
pleted among all the seven field crickets; they are separate evolu-
tionary lines which are destined to remain separate. But if evolution
is proceeding continually, then whenever we look in on it at one
tiTne level, as we humans are doing now, we ought to be able to
discover some populations that are just beginning to enter upon the
process of speciation or are in some stage of divergence that leaves
us unable to predict their future.

As I have already noted, humans probably do not live long
enough ever to observe a case of speciation from the time that it
starts to the time that it is completed (except possibly in rare cases
such as some kinds of chromosome doubling). The only way we can
;t“d)’ the speciation process directly, then, is through comparing
e(’);r:lnsi that.balx.'e in dlff.erent stages of speciation. On the one hand, We

” h"e SIVlng species, or most closely related species—instances i
which speciation has just barely been completed, On the other hand,

we study populations that have embarked upon, but not completed,
the speciation process. ,
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WHY BELIEVE IN GEOGRAPHIC SPECIATION?

There are several reasons for believing that ;
tion occur as a result of geographic isola%iOn ofm;;;uclﬁ?;n:f ;[;?Cflla-
these are: (1) practically all species today are fragmenéed leez-’

aphically to one extent or another; (2) geographically se a.rgted
fragments of species are often divergent from one another in [\);a_ﬁous
characteristics that can be related to species differences in other
groups; (3) sibling species rarely have the same geographic dis-
tributions; (4) sibling species often differ more where they overlap
geographically than where they do not; and (5) the geographic dis-
tributions of closely related or very similar species can be related to
events such as glaciation, island formation, or the appearance of
mountains or river barriers which we know could cause geographic
separation between populations.

AN EXAMPLE OF GEOGRAPHIC VARIATION

Recognizing the central role of geographic isolation in initiating
speciation, we might locate starts toward speciation by studying
variations among geographically separated fragments of a species.
In some cases we should expect to find relatively slight differences,
and in other cases we ought to find great differences. Our question—
and it is a difficult one, indeed—is the extent to which these differences
are actually involved in the probability that the populations are de-
veloping some kind of reproductive incompatibility, or are proceeding
toward speciation.

Let us take an example. One of the seven field crickets that I have
just described shows considerable geographic variation across its range.
This is G. fultoni, the Southern Wood Cricket, which extends from
southern Ohio to Texas, northeast through the southern tier of states
to about Maryland, and also down the Florida peninsula to the Keys
(Figure 8). The closest relative of G. fultoni is G. verndlis, a highly
uniform species all across its range. If one individual of G. veimalts
were taken from any place in the species’ range and placed in tﬂe
middle of a large number of specimens from anywhere e‘15e mft e
range, you would be unable to pick out that misplaced specimen r(t)lrln
the others, On the other hand, G. fultoni varies so grea.ltly that, wi 1&
out knowing about what happens between different regions, ‘;’)’ﬁicou q
very well believe that individuals put side by side fro¥n, say, IO Tllxe
Florida belong to two enﬁre]y different SPeCieS (Flgl]l'ed lfg.ldrl i
northern part of its range, where it occurs in ab.andope}:l vee s o
prairie fragments, G. fultoni is a small brown SPecfes, w.1t 2 Al?ll)ama’
regular chirp. In the woodlands of southern Mlssxss;(ppl’. ket witl;
and Georgia, the same species becomes a large, black cricket,
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an irregular chirp, which lives in the oak-pine W‘_’odla?dsl‘fre‘luently
in fairly lush lowland forests. Perhaps mOlslt a(;n atz}lln-g o 1a. L the majeg
in this southern area climb trees and usualy do their ca l“_’g from six,
eight, or ten feet up on tree trunks! This kind of behavior jg Quite
bizar;'e for field crickets, which are normauy Sl{rface-t_iwellmg animals,
and with rare exceptions it only happer.ls in this particular part of the
range of this particular species. Thfere is no good_explanahon yet for
such a strange variation in behavior, but there- is no doubt that it
exists. My intuition causes me to believe that this is a bona fide case
of genetically-based geographic variation, no different from g varia-
tion in color, size, shape, song, or any other feature of the Phenotype 1
Additional geographic variation occurs in G. fultoni with regard to
life history. In the north it is strictly a juvenile overwinterer which
matures in the spring, but in northern Florida occasional individualg
molt to adulthood in the fall. Consequently, one can hear both spring
adults and fall adults in the Florida area. This variation, however, js
likely not owing to a genetic difference between Florida and, say,
Ohio individuals but to the difference between Florida and Ohio
winters.
G. fultoni, therefore, shows geographic variation in ecolo .
geograp gy, be
havior, song and structural features which probably reflects genetic
variation. We may guess that these variations are owing to differences
in selective action in the different areas in which G. fultoni occurs—
partly because it has a wide range of distribution and partly because
the habitat in which it lives varies across its range. An interesting
question is whether the song differences between northern and south-
ern G. fulto.m' are related to the fact that this species lives with its
closest relative, G. vernalis, in the north but does not live with it in
the s.outh. We could reason as follows: if song is an important repro-
ductive isolating mechanism, then one should expect to find not only
thith( 1) s[})lemes which are adult in the same place at the same time do
not have t_ € same song, and (2) some species which are not adult at
tllletsar;e time and in the same places still have the same song, but also
at (3) overlapping species are more different song-wise where they
overlap than where they do not overlap
As 1 "
},lave alr‘fad)’ noted, no acoustical insect species that are
reproductively active in the same pl ; t
€ places at the same times have ye
"Every animal and :
Genotype refers toa?he Exl:tx:lt can be said to have a genotype and a phenotype.

fers to the organism re of its hereditary materials—it Ph e re-
= itself— ) s—its genes. Phenotype |
with its environment the product of the interaction of its hereditary materials

] at an
relat{On between variation ks devel?ment. ons i ‘phanciype. Sech cor.
relations may be extraord

ko
> I genotype and variations in phenot)(ripe. Such cor-

eal of biology

been discovered to have -identical acoustical behavior. On the other
hand, three pairs of species that do not live together have been dis-
covered to have the same song.

One of these pairs contains the northern spring and fall field
crickets, G. veletis and G. pennsylvanicus, which ocour in the same

eographic areas but are temporally separated because they mature
at different times of the year. All their sounds are identical.

A second case involves G. firmus and its close relative on Bermuda
G. bermudiensis, which undoubtedly was fragmented from the At.
Jantic coastal population of G. firmus at some time in the past. The
calling song of G. bermudiensis is very nearly identical to that of G.
firmus, even though specimens differ morphologically from those of
G. firmus. We don’t know whether these two species would be able to
hybridize or not if placed in the same geographic area.

The third case of song identity between species involves the Euro-
pean field cricket, G. campestris, which lives in the same general kind
of habitat in Europe as G. veletis does in North America and has the
same life history. Surprisingly, this European cricket also has a song
which is apparently not significantly different from those of G. veletis
and G. pennsylvanicus. The basis for this similarity is not clear, but
many other similarities among these species, now living on opposite
sides of the Atlantic Ocean, make the possibility strong that their song
identity dates from a time when European and American field crickets
had a common ancestor.

Returning to the question of intercepting speciation, G. fultoni,
in spite of its deceptive geographic variation, does not seem to repre-
sent such a case. Instead, it appears to illustrate how differences may
arise between parts of populations that live in different regions in the
absence of any special barriers. To carry this particular theme a little
farther, Figure 14 shows the distribution of Miogryllus verticalis
(Serville), known as the Little Field Cricket, which has a range simi-
lar to that of G. fultoni. A rather sudden change occurs in M. verticalis
in morphology and also in the calling song, in the area of southern
Georgia, Mississippi, and Alabama. This is very close to the region
where G, fultoni changes. M. verticalis also occurs in approximately
the same kinds of habitats that support G. fultoni. We don't know why
variation occurs in this particular place in both of these species, but
1t is possible that a barrier did exist there at some time, causing diver-
gence between northern and southern populations that was not suffi-
clent to cause speciation in these animals. It is possible that some
other animal groups will be discovered to have sibling species that
overlap where G. fultoni and M. verticalis undergo rather sudden
geographic change.

47




Figure 14- Geographic distri-
bution of the Little Field Cricket,
Miogryllus  verticalis (Serville),
showing a region of sharp geo-
graphic variation in song, color,
and size.

THE TRUE KATYDID

Now let us turn to another kind of insect which is also very com-
mon across eastern North America and which does indeed represent
:ecase.of spe'ciation intercepted—intercepted at such a point that it
in\?:lljelcrlnz::m;?ntgo tt:llbztc;[l:: time wc};itfafther the different populations
e dpctiledly bl if more different from one another and
the same s e).’ e or t'hey will merge and become parts of
fectively aspthc;ets' ke ms.ects involved are usually referred to col-
They ase Toud l_rue aty.dtds of eastern North America (Figure 15).
ol the dociditis satzcous insects that sing from the treetops in almost
They happen to b ﬂoll]l-e\_/ergreen) forests of eastern North America.
of the word “katydeidt”e ll?'seCt? that are responsible for the coining
loquial name for this’ w lgrh-m now'the most widely accepted col-
Apparently thetr son worldwide famlly of several thousand species.
eighteenth or ninete gthsounde‘d ke this to someone back in the
lina to the effect th:: twcen.t“")'- There is an old tale in North Caro-
man, and “Katy” was th 0 sisters were in love with the same young
man and the other sister;3 one f”ho didn’t win him. When the young
said that the insects in th:t;r died mysteriously of poisoning, everyone
didr” S ees, by repeatedly announcing that “Katy-

were accusing Katy of being re : g d
seems as likely to me that the na g responsible for the crime. But it
poking fun at some young lad me arose as a convenient method of

young lady—perhaps at a church supper or some
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other kind of evening get-together back j
There are two groups of g‘ue katy dilésllznezral);exr:;\{ America. .

put those of interest to us here belong in the ge orth America,
(“leaf-wing”)_ In eastern North America, all the ka tfd;gls- Pte::ophylla
are currently referred to under the name Pierophiuf lz in this genus
Apparently, Johann Sebastian Fabricius, a student élf L_Canwllzfoha.
named this species back in 1775, thought that the win innaeus who
like a leaf but more specifically a camellia leaf. g is not only

Figure 15- Katydid.









; i 0-mile strip of beech.b;
‘s in the high mountans a 2 ! i 1-birch.
?nr:;kt:h l?;fesl: $hich truge katydids do not inhabit. On one side are

; d on the other side, the northern katyg; &
the southern katydlds an e theen bt i

Iready said, at one pol .
3:;{::}‘::;: i: Z Z,mall Population of northern katydids on Fhe southery
side of this “inhospitable” forest. How they got there is unknown_

but human transport may have been involveq. Aside from this unique
situation, the two kinds of katydids are still comple.tely separated
from one another in this general region—and only in this region,
Because strips of beech-birch-maple forest' extend northward in the
Appalachians, we must expect that (?nly in scattered places ('lo the
northern katydids and southern katydids meet—through -breaks in this
inhospitable forest. Just south of Pocahontas County—m Greenbriar
County and other more southern counties—the two kinds of katydids
do meet, and there the zone of hybridization is extremely narrow.

Whenever a wide river such as the Susquehanna River in Penn-
sylvania or a forest such as the beech-birch-maple forest in Pocahontas
County provides a barrier, this is called a pre-civilization barrier, one
which we may assume has existed since before the katydids reached
this region. In these cases the katydids on each side are usually
pure northern and pure southern, with no evidence of interbreeding.
There are some exceptions, however. I have already mentioned one
in connection with Droop Mountain Battlefield State Park. Similarly,
at a narrow place in the Susquehanna River above Harrisburg, we
discovered that a small population of the southern katydids has
somehow got across to the west side of the river and formed a small
peninsula of southern katydids, extending into the northern katydid
population and intergrading with it.

Whenever inhabitable forest is cleared, the katydid population is
also destroyed; and whenever a forest that was cleared in the Appa-
lachian Mpuntains happened to lie in the zone of hybridization be-
tween northern and southern katydids, a post-civilization barrier be-
tween northern and southern katydids was erected. We found several
such cases. If the field happened to be cleared at just the right place,
one finds pure northern katydids on one side and pure southern katy-
dids on the other side; but if the cleared zone was a little to one side
or if the zone of hybridization was wider than the cleared field, then
only a little influence of the pre-clearing interbreeding might show
on one or both sides.

In the southern Appalachians, the northern and southern katydids
have apparenfly' been in contact for a much longer time, and their
zone of hybridization is several hundred miles wide, Still farther
south, however, in Alabama and Florida, the zone of hybridization
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pecomes NAIrow again. Near the small town
it is only a few miles wide. Actually there is even Jess hybridizati

in this area than this narrow width of the zone would suggest. Ito'n
;mportant to undersFand the reason for this, if we are to pr ed'li
whether these katydids are likely in the futyre to become Sf ar;f
species OF to merge. These particular katydids can rarely survli)ve is
Jone trees, except In very large ones such as sometimes occur around
farmsteads and residences in the eastern United States. In the region
where the hybridization zone approaches the Atlantic coast near I%lew
york City, there is so much human habitation that one finds ver

few katydids. Here it is almost impossible to discover what the zonz
of hybridization was like before civilization. There is very little hy-
pridization in this location because we have created a barrier between
the remaining northern and southern katydids by clearing the land
and building cities. In the southern part of the hybridization zone (in
northern Florida) there is also very little interbreeding because the
uplands are covered with pine trees, which are completely unac-
ceptable for katydids. This means that in this region there are only
two kinds of areas where katydids can exist: moist stream bottoms
where deciduous trees line the creeks and rivers and around resi-
dences and along roadsides where people have purposely left decidu-
ous trees. As a consequence, northern and southern katydids hybridize
in northern Florida only where the tributaries of the Apalachicola
River flowing eastward approach near their headwaters the head-
waters of westward flowing tributaries of the Choctawhatchee River.

of Marianna, Florida,

WHAT WILL HAPPEN TO THE KATYDIDS NOW?

Even though there is a wide zone of hybridization between north-
ern and southern katydids in the southern Appalachian Mountains,
it is still possible that the growth of human populations will so reduce
the interbreeding between these two populations that they will again
take up the path of divergence—towards speciation—upon which
they undoubtedly embarked once, a long time ago. When did they
start on this path? How long were they apart? Which of the cha-r-
acteristics by which they now differ might be important factors in
their remaining apart, and which ones will be unimportant? Are
there any intrinsic (genetic) differences between northern and south-
emn katydids now which are making it disadvantageous for them to
hybridize? ,

These are still questions we cannot answer completely. We gon,t
know yet if the song differences are significant to fem.ales. We onI t

oW whether the hybrids have any advantage or d1§advant13g;. !
would seem that the last time the Appalachian Mountains could hav
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: been when the cli .

been a barrier to katydids wonlld havef ice in the Plei ocons 2 this

. d by the advances ot ice 1n eistocene epqy,

region was affected by - A Poch,
& ago. Does this mean that these katyg;

about ten thousand years ago- ith tw Ydids,

. have a life cycle of either one or two years, reqy;
which apparently iate? It seems ibl duire
more than ten thousand years to Spesiates o possible. At ay
rate, this is certainly one case of speciation mter_cepted, and one that
give,s us some clear starts toward understanding how species are
formed by geographic isolation and divergence of populations,

My studies of several hundred species of singing insects in Ny,
America have so far revealed only one case like thiS‘POPlllations
meeting and reacting to one another in such a way that we honestly
cannot predict whether they are going to continue to diverge and
become two different species or amalgamate and form a single one.
This might cause us to wonder if speciation is proceeding at a very
slow rate at this particular time in history. But the speciation rate
is a function of two things: the number of isolated populations and
the rate of change (and therefore divergence) in the isolated popu-
lations. It is possible—even probable—that certain times in geological
history were considerably more favorable to speciation in North
America than is the present. For example, during the Pleistocene
epoch, when populations were not only repeatedly and continually
isolated by the effects of the advances and retreats of the glaciers
but also subjected to extreme conditions under which selective action
must have caused wholesale annihilation and rather rapid evolutionary
change, speciation must have occurred at a much faster rate than now.
Otherwise there does not seem to be any compelling reason to believe
that this moment in history is one of slower speciation than any other.

There is another aspect to the question of what is going to happen
to true katyfiids—.one which clearly illustrates how complicated the
problem of isolation and its effects can be. Not only do we reduce
gene exchange between northern and southern katydids as we con-
Emle to cle.:ar .fo.rests and build houses, but we also reduce gene exchange

et\tx}/]een lndl\’l_dllal populations within both the northern and 'the
iouthem kat}’ddel Will this lead to eventual extinction or possibly
S((:emelﬂl();]()dltl}fhton of a“whole host of separate species? It does not
ARG Yy that we will create a more effective barrier in the Appa-
la'chlans than elsewhere. The future of true katydids is much more
difficult to predict, even, than ;
» éven, than it would seem.

”ljo return to the problem of the infrequency with which we find
cases o_f partl'ally completed” speciation, there are still other ways
O.f l_°°k"‘g at it. First, consider the great similarities between many
sibling Species that live together. Some populations which are isolated
geographically now and are considered to be parts of a single species
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ecause they are so much alike may be diyer en
: qd if they ever come togetl.]er they will not m%rg;‘elr:)slzgldtl;;te -whe'ﬁ
begin to develop more efficient reproductive isolation and thus y wi
to be distinct species. Such.might be the case, for example witll)lr(zze
populations .of G. fultoni on Key Largo, Florida, Hllntil’lg Islande
South Carolina; Tybee Island, Georgia; or Ossabaw Island, Georei ’
Second, it is possible that the time of interaction hebwecn o:)gna.
Jations which have just come back together geographicall df:lri ,:1
which we would be unable to predi ¥ g

be unabl ct outcomes, is usually so brief
that at any one time in history there are few of these cases to be

examined. In other words, it is possible that the evolutionary “de-
cision” is usually made quickly as to whether or n

ot hybridization
is disadvantageous between two populations that have just started

living together again. This would be the case, for example, if any
tendency not to interbreed upon initial contact had a quick reinforc-
ing effect on the reasons for that tendency. If the first crop of hybrids
was at a great disadvantage, the suppression of crossbreeding could
happen quickly. Conversely, if hybrids were not at any disadvantage,
amalgamation might occur quickly. My saying these ‘things in a
speculative way reflects our ignorance concerning this question.

The case of the true katydid reveals that nothing short of exten-
sive and intensive field study can answer the questions we must
answer to understand speciation—particularly in view of (1) the
complex factors involved in analyzing the effectiveness of the geo-
graphic and ecological barriers between katydids at the two ends
of the zone of hybridization, and (2) the wide variation in the width
and nature of the zone of hybridization.

SPRING AND FALL FIELD CRICKETS:
A NEW METHOD OF SPECIATION?

I indicated earlier that geographic isolation of populations is one
of the most important ways that speciation is initiated or ca}usec.l.
Actually, this remark can be made stronger: geographic isolation is
thie only method widely acknowledged among biologists .today to
ccount for speciation. Some evolutionary zoologists bt?lleve thl'ilt
the process of speciation always occurs in this fashion in sexfuah)’
Teproducing animals. Others simply do not believe that any of the
alternatives so far proposed represent better explanations than geo-
graphic separation, ]

_ Here Il:lm going to describe for you a case which Dr. ;’\obe;; SI.
Bigelow (now of Christ College, Auckland, New Zealan ) a
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ay: How do you know, then, that they are differey,
spechZ:? ﬁa{hjss Zase the answer is also -unusual. These tvxfo very Simila:
species are unable to produce h)’_b“ds under any Circumstanceg_
eE\)ren if we juggle their life cycles in the laboratory so- that they are
mature at the same time, and even if we put toget}.ler great numhey
of males of G. veletis with females of .G,.pennsylvtfmcu:s, Or vice versy.
Like the difference in life history, this is a .pecuhar circumstance for
such similar species. And there is still a-thlrd pecullar.lty: these two
siblings have almost identical geographical ranges, with the excep.
tion that G. pennsylvanicus, the egg-overwintering species, extends g
little farther north in Canada and occurs in Nova Scotia where
G. veletis does not (Figure 8).

The uniqueness of the relationships between G. veletis and .
pennsylvanicus caused Dr. Bigelow and me to believe that these two
species may have been formed as a result of some process other than
initial geographic separation, or “allopatric” speciation.

A third species assisted us in the development of this hypothesis,
a species which seems to be most closely related to G. pennsylvanicus
and G. veletis. This species is G. firmus, the Sand Cricket, which
occurs principally on the beaches of the Atlantic and Gulf coasts but
also inland in some sand hills extending from North Carolina to
Georgia (Figure 8). In southern Florida and Texas, this species
breeds continuously—that is, there are adults the year around. From
North Carolina south to northern Florida and west to northern Texas,
however, most individuals overwinter as eggs, with a small proportion
overwintering as juveniles. As a result, G firmus produces both spring
and fall adults in most of the northern parts of its range, each belong-
ing to a population which has a one-year life cycle.

It is obvious that a cricket which matures in the spring cannot
interbreed with a cricket which matures in the fall unless they over-
lap temporally. There would have to be sufficient overlap for females
from the spring population to be sexually responsive until males of
the.fall population were ready to mate, or, vice versa, males of the
Spring population would have to live long enough to overlap the
onset of sexual responsiveness in females of the fall population. Male
cnc.kets don't live as long as the females, and the males also mature
2 ht.tle,, ahead of females, Thus we would expect interbreeding ©

SprSlng an d “fall” species to be between spring females and fall males.

vanic“tf?ha;“ttg;b“::di"g can’t happen with G. veletis and G. peﬂfgfl‘zfi'

We have not et fon me because, of course, they cannot hybe® c;

. o found the reason for the inability of these ™V

species to hybridize, byt it seems significant i hypothesis. Of the

thirty-five cases of hyby Aipati gnificant in our hypo sy
ybridization that have been attempted be
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As a result, we believe that some kind of SPeCialc' pennsylvanicus,

! incompatibility j
associated with the development of overwintering hardirln)essbilrllltydiis
ferent stages. -

An additional factor that appeared as we searched among th
crickets for evidence concerning this hypothesis was that excegt fi :
mole crickets which live underground almost entirely, th(;re ars on(l)r
two overwintering .stages among all crickets all over the world. On{
of these is a juvenile stage, a molt or two from adulthood, and the
other is the egg stage. Overwintering of the egg stage is easy to
understand. Besides being buried in the soil, insect eggs are pro-
tected, hardy life-stages. The juvenile stage at first seemed more diff-
cult to understand, but then it occurred to us that this stage is also
buried in the soil, for the juvenile begins to dig its shallow burrows,
and to spend time in the burrow, about two or three molts from adult-
hood. The juvenile is as protected from the winter as the egg, for it
is in a burrow several inches deep.

The adult also lives in a burrow—or at least the males do—while
the females rove about and locate the more or less stationary males
by their songs. Why shouldn’t adults overwinter? The adult, how-
ever, only lives about thirty days; and if an individual started a north-
ern winter as an adul, it is very unlikely that it would live through
to the spring unless it could develop a special diapause, as have
nearly all overwintering stages of northern insects. Only rare species
among crickets and their relatives overwinter as adults, and these
are always southern or subterranean species. _

In any area where there are inhospitable seasons, such as winter,
the short adult Jife of an insect species must be synchronize_d _Wlth
climatic conditions if efficiency in reproduction is to be me_lX}mlz:hd.
For example, if there were no special method of S}’ndfmmzmg s le
Appearance of adults in an insect, such as crickets, in which the a l;lt
stage lasted only about thirty or forty days, then only fmall number
of adults ‘cular time during the year.

1ts would be present at any particular o ortion uf
us it would presumably be more difficult for a hig [: Pmaximize
: M to find mates. As the species would also I?avelo oy
Winterhardiness in many different stages, it is not dlf'cu;v:ao sspeci e);
:h:taII?PEarance of diapause stages W'Ould bf}iE C:Eef;ere;'ons :yyhere se-
dem tves where there are severe winters. £V ¢ the life cycle among
Winters do not occur, there is some timing 0
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insects with short-lived adults, based on such events as dry anq it
seas‘?;:;ﬁn don’t know why field crickets have a dual Winterhardine,
but it is interesting and significant that they do. The twyg hard}:
e located in time on completely different “sides” of the life
stagles %]eat is. the time required to go from the juvenile stage of
2)’21;2]@ to t}’xe egg stage of its offspring is about the same g that
required to go from the egg stage to the juvenile stage in one indi-
vidual. This is why, among species with a one-year life cycle, there
can be spring adults and fall adults that are temporally isolated from
) 8
eac}(l):::h;ypothesis for temporal speciation in field crickets cap be
summarized as follows. We believe that the ancestor of G. veletis anq
G. pennsylvanicus extended either northward or southward into ap
area of mild winters such as now occur in the sand hills from North
Carolina to Georgia. We think that in this area there were popula-
tions broken off from the major part of the species, which extended
into Florida where there was breeding the year round, and that at
least some of these fragments continued both the spring and the fall-
maturing components of the northern population.

If both life-cycle components persisted successfully in such a re-
gion, it would be possible for them to be temporally isolated for an
indefinite period of time before they became different enough that
they couldn’t hybridize with one another. Even if they lived in ex-
actly the same places during this time, they wouldn't be able to
hybridize very much—perhaps not at all-because the adults would
be seasonally separated. While they were temporally isolated, the
two populations would undoubtedly diverge from one another in
just the same way that two geographically isolated populations would
diverge. Furthermore, their developing what we call obligate diapause
—an inescapable’ period of suspended development—in their two
dlﬂ:‘el'eflt overwintering stages (which would increase the proportion
of mdxvifluals in each of the two populations entering the winter in
tsl}e ha‘éd‘est stage) would cause them to diverge even more r-aplcc]ili}f,:
f:ﬁ:t P veletis and G, pennsyloanicus and other specifes W{th (or
“disr ﬁ‘spfuse lstages cannot hybridize, this particular dnvergllllg_l.
and aEs) aie) if ection may have been keyed to an incompatibility:

In chort Sult to accelerated speciation.

we believe that : ) ay have
speciated without ap ¢ that G. veletis and G. pennsylvanicus may

L Y geographic isolation because (1) crickets have
?idmblf3 Winterhardiness, which tends to temporally isolate popul
no:ti Wlthll_l a species like firmus where the species extends int0 2

orthern climate, (2) G. veletis and G. pennsylvanicus present the
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icture of sibling species wi iy
;Z{,’f&ﬂ but with different lfe cycle;,v '{2)“55‘ ‘i{e;igf“.‘cal ranges and
stages seem to be tied_ to reproductive incompaiill?il?t;er\;m:]terin
G. firmus, G. .pennsyfvam(:‘us, and G, veletis have cenaly ) eon (};4.)
dnd phenotl)lrplc relationships. geographic

Although it is necessary to separate a northern f

mus from the continually breeding populations fartl::?;l:;‘tthotf Cl;) ﬁr.
about this kind of speciation, the geographic separation itselfow m;g
not be directly involved in the speciation if the norffiens frg oz :
contained both the spring and the fall components. [t happengn:hgt
G. firmus shows between Florida and North Carolina both the postu-
lated geographic variation in seasonal life history and the postulated
geographic separation of a northern component, We are studying
this species in the field and under different temperature and photo-
period regimens in the laboratory to determine how many geographic
fragments have both life cycles and if there are the beginnings of
both egg and juvenile diapause in these populations. Our object is
to keep crickets taken from both life cycles under identical conditions
of temperature, humidity, and day length and to see if any evidence
of genetic difference between them can be detected—for example,
differences in length of the egg or juvenile stages. In addition, the
questions brought up by this case have caused us to start a systematic
review of sibling species all through the insects. Life histories, dia-
pause relationships, and geographic distributions are clues that will
help us determine the extent to which allochronic speciation, or
Speciation by temporal isolation alone, may occur in this very large

group.

17-YEAR AND 13-YEAR CICADAS: A UNIQUE PROBLEM
IN SPECIES ORIGINS AND INTERACTIONS

So far I have illustrated a variety of things related to speciation
and used several groups of crickets and katydids to do so. We 'ha‘ve
seen how alike sibling species can be, what kinds of characteristics
¢an be expected to be most different between them, how they manflgfi
to live together without gross inefficiency, what kinds of geographica
and seasong] relationships they may have to one another, and how or;e
€an discover them in the first place. We have examined t.he phenosmt(;
ron of geographic variation, both in instances where 1t a'}:p:arears

ave no relationship to specification and in instances where i ullt?d =
to reflect a previous geographic separation that.almost rees0 e
SPeciation, or may still result in speciation. We dls-(:lfs.sed g fgsf Ecia-
Separatigp, (allopatry) as being nearly always the initiator O p
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Within both northern and southern regions there are several gf.
ferent broods of cicadas, which appear as adults in different years,
Almost every year there are 1;7')"35‘r or 13-year cicadas, sometimes

erging somewhere in s
:gltilr’g:l?n dgiﬂ’egrent years, of 'both 17-year an‘z 11::?)’ e c1cad:.m, bflcame
separated from each other in an unknown fashion somia time in the
past. Obviously, the different broods are now not only tempx?rally
isolated from one another but also, to some degree‘,‘ geographically
isolated, except for the rare instances when off-year “stragglers” pro-
vide opportunity for hybridization between b.roods. The numbers of
these stragglers are very low at the present time, and because large
broods almost never come out in successive years in the same locality,
the chance of their bridging the gaps between broods is almost nop-
existent. There must have been more straggling in the past to allow
the development of the different broods, but at the present time, such
interbreeding is either rare or completely absent. In typical large emer-
gences, adult cicadas are so thick that in cities one can sweep them
up by the bushel beneath street lights, and the trunks and branches
of trees in the forest are literally covered with them. Yet in the pre-
ceding and following years, one is likely to see and hear no cicadas
whatsoever in the same regions—or he may hear just one or two indi-
viduals calling for a few days. From this, and from the brood distri-
bution maps, one can also see that the 17-year and 13-year cicadas
are largely separated geographically, and the different broods within
each of them are isolated both geographically and temporally from
one another (Figure 22).

Finally, it is necessary for us to describe the relationships among
the three species within each of the two life-cycle groups of Magicicada.
Each major brood of 17-year cicadas and each major brood of 13-year
cicadas has three species within it. The individuals of these three
species are mixed thoroughly, both as juveniles and as adults. They
have slight differences in their ecological distributions, so that an occa-
sional dry woods may lack one species and an occasional damp low-
land woods may lack another, but, in general, all three species are
found together across most of the range of each brood. They emerge
as adults at the same time of year, usually precisely together, although
in some places there may be slight differences in the proportions of
species emerging on successive days. There are no temporal or geo-

graphic differences among the species, on either a yearly or a seasonal
basis, that do not overlap

DIFFERENCES IN ACOUSTICAL BEHAVIOR
There are definite differences in the behavior of the three speciés
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he United States. These broods tha .

that live together in each brood. One of our fi
that there is no cross-mating between them. This was confirmation
following discovery of song differences and then color, genitalic and
overlapping size differences among them, that they are indeeci dif-
ferent species.

Acoustical behavior is perhaps the principal item in our attempts
to examine what the relationships are among the species and how
the species came to be the way they are, First, the periodical cicada
males produce four sound signals (Figure 23). These are (1) the
calling song, produced either by individuals or in chorus to activate
and assemble both males and females; (2) and (3) two courtship
songs, produced by the males near the females just prior to copulation;
and (4) what we call a disturbance squawk, made when an indi-
vidual is held or captured or disturbed into flight. The function of
the disturbance squawk is not yet known, but it may sometimes cause
predators to release cicadas. It may also cause other cicadas to fly
when one individual is captured by a predator. The courtship song
either shortens the time necessary for copulation to take place after
a male and female have met, or it may facilitate copulation in some
cases where it could not occur without the courtship sound. But these
possible functions have not been tested experimentally.

st discoveries was

EXPERIMENTS WITH SONG FUNCTION

Some experimentation has been done on the calling or congrega-
tional song. This sound functions in quite a different way from those
of the crickets and katydids that we have been discussing.

There are two general methods by which pair formation may
occur as a result of acoustical behavior in crickets, katydids, and
grasshoppers. The first and most common is that the male simply stays
in one spot and produces the sound continually during certain periods
of the day or night. The females are active during that period and are
attracted to the male’s sound, especially since it is a stationary target.
Females can locate individual males across considerable distances,
even if it requires two or three nights to reach the male.

The second method, common in many katydids and most grass-
hoppers, is that both the male and the female are capable of making
noises. The male first makes a noise which causes the female to make
2 noise. When the male hears the female, he changes to a second
noise and moves to the female, who keeps replying to his sou-nd and
in this way enables him to locate her. In these kinds of spectes, the
males that are producing sound and are sexually responsive move
around while singing. This is a contrast to the instances where the

Male stays in one location and attracts the females.

69




singing: At first it ‘was very difficult for us to decide how thi 1d
_ause pair formation. The females are silent, so how couldls e
increase his chances of locating a sexually responsive femal ba e
ing about all the time? How could a female locate a mov(? 4 m(l)v;
We tested these questions in a small clearing in a woot;]sg when
- irada septendecim and Magici s T Ao
Magicica P agicicada cassini lived together (Fi
ure 24). Four small trees were left in the clearing and coverlegci
with cheesecloth cages. The cages were then filled with cicadas of
different kinds. In one cage we put normal cassini males and sep-
tendecim males that had been silenced by destroying their souneﬁ-
roducing organs. In another we put normal septendecim males and
silenced cassini males. In a third cage we put normal septendecim
females, and in a fourth we put normal cassini females. The
silenced males eliminated the possibility that chemical or visually per-
ceived differences between the species might be of significance to
females. Females were placed in the cages to determine whether
females would attract more males from the woods than singing males
would. Thus one cage was producing the normal septendecim sound,
another the normal cassini sound, and two were silent.
Our test results were not as clear as we would have liked, but
one thing was certain: septendecim males and females from the woods
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“m the function of Magicicada calling songs.
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Figure 23- Audiospectrographs of the acoustical signals of the 17-
year and 13-year cicadas.

thro?(;l periodical cicadas display a third method of pair formation
th g] song. Our first study of these animals in the field showed that
he male sings a few phrases, flies a short distance, sings a few more
pf rases, flies, and.so forth. This means that during the maximal time
of sound production there are large numbers of cicadas flying am
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or food. The other tafkcs plaf:e durin% tt.he ad};l}: stages,
si onfusion in connection with repyq.
when there would be I)t?zzl]tl)len;(t)lling dhout the Hrst possibilityr,) :0
e P‘raill On)l, a few cases of cross-copulation haye
let us discuss the S?w':hf; ﬁe]()il in peculiar and apparently heavily
begn e mf small tre’es even though tens of thousands of
ovex:croWded T)re;f :xamined to a;ctempt to discover cross-mated indi-
ﬂ}ahngs h;l ve veer when Dr. Moore and I placed the three 13-year
Vldll:dlS.‘P owe ’1 h cages over trees, we were amazed to discover
species in cheesecloth Lage BES, Lo i et fow 1
that all kinds of interspecific copulat_lon took place in just a few hours,
This suggested that only a slight adjustment of external env1r.onfnenta1
conditions would be necessary to brea¥( down whatever 1.t is that
allows these species to live together without cr.oss-copulatmg.

We still do not know what prevents copulation between species
under natural conditions. Of course, the periods of maximum sexual
activity are at different times of the day; also, the' congregational
songs are different, so that during the weeks that the insects are adult
there is a slow clumping of the different species in different trees
within the forest. Yet we know that in any chorus of a given species
many individuals of the other species will be present. Why don’t
they cross-copulate? We have observed that female cicadas reject
the advances of males of other species (or of their own species when
they are not sexually responsive) by walking away, by flying away,
or by pushing out the wing on the side next to an approaching male
so as to dislodge him or push him away. The females also reject males
by walking or flying when a male has mounted. We believe that
males were able to copulate with females of other species in our
cheesecloth cages simply because the cheesecloth surface reduced
the females ability to reject males.

But what stimulus causes females to reject males of the other
species? We don’t know the answer to this question. Perhaps there
is an odor or a visual reaction; at any rate the stimulus is a subtle
one that we have not yet been able to test.

In the spring of 1963, we transported several hundred individuals
of the 13-year species into a region where 17-year cicadas were adult
that year. We found that cross-matings between the 13-year and 17-
year cicadas occurred only between the species which were most
alike, that is, between tredecim and septendecim and between trede-
cassini and cassini. This is not particularly surprising; but it is sig-
nificant that the apparently free cross-mating between these two
:;lerg;]g geographica]]){ isolated forms suggests that there has been no

pment of special efficiency in reproductive isolation between

be competition f
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them, a5 'has deﬁnitel):i occurred among the three species which live
together in each brood. P erh.aps this is because they have not inter.
e cted long enough for selection to Operate on premating devices and
cause them to diverge. In fa'Ct, We are not certain that the 13-year
and 17-year cicadas ever do live in the same areas, because we have
not yet discovered them. together. The overal] distribution map from
all literature records (Figure 26) suggests that they overlap, but we
discovered by fieldwork that in some places the map is Wr(;ng sl
the broods involved approach to within only a hundred mjles ‘or SO
of one another.

Even if they do overlap somewhere, however,
cicadas could only come out together every 221 years. Because of this
infrequent mixing, it is possible that the development of reproductive
isolating mechanisms has been so greatly retarded that it has not
yet occurred. A bit of calculating reveals that since the glaciation
of eastern North America ten or fifteen thousand years ago, periodical
cicadas have undergone only about as many generations as a Dro-
sophila, or fruitfly, population would have undergone if it had been
cultured continuously in the laboratory for the last twenty-five or
thirty-five years! This is quite instructive for any question we might
have relative to the rate of evolutionary change in 17- and 13-year
cicadas.

In view of their abundance and mixing as adults, the periodical
cicadas surely represent an unparalleled case of efficiency in mating
separation among closely related species. It is worth emphasizing,
therefore, that the actual barriers are combinations of behavioral char-
acteristics. Selection for behavorial incompatibility has apparently been
intense and affected several characteristics.

Complete structural incompatibility, or inability to cross-mate be-
cause of structural differences, is absent in every case, as was proved
by the interspecific copulations obtained in cheesecloth cages. Such
incompatibility in structure can probably now develop only through
?hance divergence. Genitalic differences may not at all be brought
Into play now in mating separation among the species, even if they
were once; and if so, there is no chance now for selection to operate
upon them, .

The obvious efficiency of behavioral incompatibility (because it

appens sooner in any series of male-female interaction§) as compa_red
Wfth structura] incompatibility makes it likely that th}s kind of situ-
?t“’" Occurs throughout the animal kingdom. 'To say 1t anoth;:rsv‘::])(fi
eriong differences could prevent pair formation bet}:vee;l mlﬁ‘ srtshi
Males of different species, then practically no selection for co p

17-year and 13-year
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Subsequent to the development of fiil_ferences in life cycle, o
perhaps accompanying it, there was a splitting of the groups from one
another, producing the geographlcall)" and temporally isolated broods.

One of the questions that arises in attemp.tmg .to reconstruct the
history of the periodical cicadas is their relationship to the Ice Age
in North America. If we study the distribution of broods relative ¢,
the “maximum extent” of the glaciers, we discover, first, that no broog
is completely within the most recently glaciated area and only tw,
broods are completely outside it. Second, groups of broods are relateq
both geographically and temporally—that is, the broods that come oyt
in different years neighbor each other or overlap geographically:
Broods 1 and 2 are in the eastern Appalachians, Broods 3 and 4 ip
the west central states, Broods 5 and 6 in the central and southern
Appalachians. Broods 8, 9, 10, and 11 in the Appalachian region, and
Broods 13 and 14 in the central and southern Appalachians. This
suggests that each group arose from a single ancestral brood which
occurred in the same general area that the group occupies today. It
suggests further that there were at least two major periods of brood
formation.

Now there must have been a major climatic fluctuation to upset the
emergence times of significant portions of a brood and to set the life
cycle as it is today. The life cycles must have been fixed prior to any
brood formation to allow the appearance of the many broods that
occur today, each containing the same three species. So we have as-
sumed that some major climatic upsets were indeed necessary for the
formation of the broods. The most likely candidate for this period
of major climatic upsets would have been the Pleistocene epoch, or
the period of glaciation, in eastern North America.

MUTUAL BENEFIT

Our final question is perhaps the most intriguing and difficult:
Why have the different species of 17-year and 13-year cicadas failed
to separate ecologically, either in habitat or in seasonal time of emerg-
ence, as have practically all other closely related species in the animal
kingdom?

Our observations on predation by birds on newly emerged adults
have led us to believe that a kind of mutualism may exist among these
species. There are no parasites or predators with 17-year or 13-year
lifo cycles, so the enemies of these cicadas must always be opportun-
istic in their predation. Birds have completely wiped out experimentally
displaced populations of hundreds or thousands of cicadas in only 2
few days, and we have observed that they are able to keep up with
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sudden, overnight emefgences for which these cicadas . utlf0 o of the

Just as one or two individuals have 5 greater chanoearef amoos..
if they emerge at ’the same time as many others, 5o is 5 : alsluer e
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other more abundant species. Not only that, byt the s e o h_vo
ability to survive predation actually increases as the numbE:r SF 'SIcl?c'les
uals in its population decreases, for predators wil] then kl)H o
tionally more individuals of the other species in the same are PI]';)POI:"
the species’ population emerged alone each time, iety n

then the « :
numbers” principle would work against a sma]| po;:laﬁ(fn:s:fes?n;ll
population would be preyed upon more, Proportionally, than a larger

one.

We might then suppose that those populations of species which
came to live alone were decimated when they were for some reason
low in numbers, whereas species which have stayed together have
persisted. This might be the reason that we find three species living
together almost everywhere that any periodical cicadas are found,

This “cushioning” of one population by another is dramatically
illustrated when one of the species is quite sparse. In such cases
one often finds the sparse species chorusing in only a single tree in
the forest, with the other one or two species filling the rest of the
forest. Predation on the sparse species, “hidden” within a forest full
of cicadas of another species, would be almost nil.

But what happens during the juvenile stages, when there must be
interspecific competition for food? Perhaps the three different species
of periodical cicadas, as juveniles, react to one another as if they
were all members of the same species. This would mean that com-
Petition between individuals of the different species would be roughly
€quivalent to competition between members of the same species. It
Suggests that there has been selection for “ecological identity” (a tend-
eNCy to use exactly the same things in the environment—to behave as
members of the same species) among the juveniles. Perhaps the
Juveniles of, say, species A that were so much like species B that they
Were able to compete against individuals of species B were more
h.ke]y to survive that those that became different. Then at any one
time the sparse species is a kind of ecological parasite on _the other,

nding an advantage in resembling it as a juvenile and vamg m lhe
S8me place a5 ap adult. In this case, instead of the species eglvmg
e?ological differences which would allow them to o'ccupy (l-l lf‘rter:s
Niches g5 juveniles and might also force them into different habita
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they may have undergone selection in the op-
g more and more alike as juveniles, Thjg
in the same areas as adults and to be
the adult stage, when they possess the
ntensive predation.

during the adult stage, t

site direction, becomin
would allow them to emerge
more likely to survive through :
peculiar chorusing that causes i

THE UNIQUENESS OF MAGICICADA

At least five aspects of the Magicicada story represent unique or
extreme events in biology: (1) the extremely long life cycle and short
adult life, (2) the extreme mixing and apparent m.utualism of closely
related species, (3) the strange temporal relationship between 13-year
and 17-year siblings, (4) the incredible synchrony in the chorusing
behavior of the males of M. cassini and M. tredecassini, and (5) the
special significance of brood distributions for the question of the effects
of Pleistocene glaciation on deciduous forest animals. We are a long
way from solving these problems, and much of what is said in this
book must be recognized as almost purely speculative. But for a com-
monplace, abundant, supposedly well-known group of insects, the
periodical cicadas have managed to turn up for us some rather in-
triguing questions, with potentially great significance in the study of
animal species and their evolution.

SHOULD WE PLAN TO STUDY ALL THE SPECIES IN THE WORLD?

Answering the question of whether we need to study all the species
of the world is a bit like answering the question of whether we need
“pure” research. Pure research can be defined as the uncovering of new
knowledge in any area where we have no way of knowing beforehand
whether any practical applications to human existence may be in-
volved. As long as we don’t have such knowledge, we cannot say how
trivial the results of such pure research might be, but neither can we
say how startlingly important they might be. One of the best con-
temporary examples is the exploration of outer space. The following
remark has been repeated so many times that it is almost trite: “We
should settle our problems on the earth before we attempt to go to the
moon.” Surely if mankind had always operated on that thesis, he would
have cheated himself of some extraordinary opportunities, just be-
cause of his own ignorance. It is not only very difficult to know just
what our “problems” are and how to solve them, but unless we are
a.dvcllnturcsome, we may foregoﬂmany chances to reduce them to in-
significance in ways that we had not dreamed possible.

Many people believe that going to the moon is a trivial enterprise.
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ominent scientist has remarke i

One'tl’)fnot ascience.” Aside from the d tha-t 1t may be ap adventure,
but it's question of whether science and
adventure can ever l')e synonymous (I think they usuall are), and
aside from the question of whether going to the moon isyor ov A0

ood introduction to the problems and Possibilities in the fy r:; not a

Joration of outer space (which we know will not be trivial), it er ex-
as impossible to be sure that a man landing on the moon wc;uldsftes:;;
have only trivial results, as it is to predict certainly what the maximal
usefulness in terms of additions to our knowledge might be, The re:nult
in changes in our outlook, either with regard to the Ealzth with its
climate and its future or with regard to the exploration of the rest of
the universe, might well be far in excess of any present expectation
This is the way of all “pure” research. One is unaware, at the time that'
he begins, either of the potential practical applications or of the
potential triviality of the investigations.

Perhaps you can see by now that this is the way it is with the study
of the animal species of the world. About a million have been formall
described, but most of these are known only to a very slight degree.
It's not easy for us to predict what leaps in understanding with regard
to the history and the future of life on Earth—and the question of the
nature of life elsewhere in the universe—will be answered only by
studying many more of the species on Earth in much more detailed
fashion.

To go back to questions asked in the introduction, we still don’t
know which species we will need or will want to keep among those
that live with us on the earth. Until we know which species are which,
how they live together, and what they do in the scheme of things, we
can never answer such questions. And yet, in view of the increasing
rate of expansion of human populations across the earth and our in-
creasing simplification of the human environment by the elimination
of species after species, these are questions that we must answer, and
that we must answer soon. No one could have predicted the discoveries
Fhat you have just read about in this book, or their general usefulness
n bi010gy. The species studied were all believed to be well unfier-
stood, Yet our ignorance of them concealed some important surprises.
So long as we continue to be utterly dependent upon the‘other animals
and the plants of the earth, I think there is a strong likelihood that WF;

umans will, in fact, have to study all of the species of the world i
We are to be able to do the kinds of things that we will want to do at
the rates that we will want to do them.
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