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CHAPTER VI1

The Evolution of Adaptation

THE PRECEDING Discussions have led to the conclusion that most evolu-
tion involves adaptation. Absolutely or relatively inadaptive phases oc-
cur and organisms develop nonadaplive and inadaptive characteristics,
but over-all patterns of evolution are predominantly adaptive and adap-
tation has been seen to be the usual orienting relationship even in
minor details of the pattern. Adaptation, itself, evolves. We do not
simply have on one side a discrete something called “environment” with
a neatly fixed set of prospective functions packaged into niches and on
the other side discrete things called “organisins” or “populations” the
evolution of which consists of progressive occupation of the niches.
That is a process that happens in the course of evolution or, at least,
it is one way of stating one of the aspeets of what happens. For pur-
poses of analysis of some phases of evolution it is a valid and useful
manner of speaking. For fuller understanding, however, it is equally or
more useful to focus neither on environment nor on organisms but
on the complex interrclationship in which they are not really separable.
The present subject, then, is the evolution of this relationship, of adap-
tation, and the way it is reflected in the actual phylogenetic histories

of organisms.

ADAPTIVE ZONES AND THE ADAPTIVE GRID

At any instant in time, the realized functions of environments and
organisms define a broader or narrower field or type of adaptation.
This is not precisely the same for any two organisms, but it is almost
the same for individuals in the same deme, somewhat less so for demes
of the same species, and decreasingly similar but still with some com-
mon ground {or species of the same genus, genera of the same family,
and so on. In other words, at cach of these levels there is a character-
istic adaptive aspect which becomes narrower and more particular in
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200 EVOLUTION OF ADAPTATION

the direction from higher levels down to individuals, broader and more
general in the opposite dircction. Although this adaptive relationship
correlates with taxonomy as suggested, it is not confined or defined by
taxonomy. It is quite common for taxonomically distinet units, of djf-
ferent phylogenetic origin, to share an adaptive aspect with each other
but not with other members of their respeclive taxonomic groups. Thus
the thylacine, a marsupial of Australia and Tasmania long extinct in the
former and possibly now extinct in the latter also, shares with the
placental Canidae an casily definable adaptive type cntirely distinct
from that of, say, a kangaroo on one hand or a seal on the other. Never-
theless thvlacines are more closely related phylogenetically to kangaroos
and dogs, in about the same degree, to seals.

The definition of adaptive types has an arbitrary element. It is in
part merely a matter of what analysis we care to make of an excced-
ingly complex and extensive continuum. Choice in such cases depends
on the particular aim of the study, the nature of the relationships in-
volved, and the taste or expericnee of the analyst. Thus a not ]ilcrnlly
infinite * but extremely large number of different definitions and ar-
rangements of adaptive types is possible, all valid or real in the sense
of corresponding to facts in nature but al] arbitrary in the way those
facts are analyzed. The breadth or scope assigned to such types and
the number and delimitation of steps in a scale of increasing scope
may also he set arbitrarily in a very large number of different
ways.

Consideration of the situation with any accepted classification of
adaptive types shows, however, that the distinctions of type are not
merely urbitmry. They correspond with discontinuities in nature, which
may tend to be more rather than less obvious the broader the scope
involved. Sibling birds in the same nest do not really have absolutely
identical adaptive types, but the adaptive dilference between them

1 Some readers may be interested in the somewhat abstruse but, I think, important
distinction between “infinite” aud "('xlr('lncly" or even "in(‘()n(‘oivnl)ly l:u‘g('," which
has a bearing on the theory and philosophy of classification. Any realized aduptive
type is a class to which one or more real organisms are referred. ‘The greatest possible
number of such classes (only a minute proportion of which would have biological
significance, i.c., would correspond with reaf adaptive types) is defined by the num-
ber of combinations of individuals in groups op from one upward by integers to
the total number of really existing individuals. Since this totnll number is finite, the
number of combinations, although extremel large, is also finite and so is the number
of possible adaptive types, smaller than nn(f'limited by the number of combinations.

l
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Frieune 22. DiaGrAM SUGGESTING THE NATUNE OF AN ApApPTIVE GRID.
The real grid is incomparably more complex than the diagram hecause
it may have a very large number of dimensions or number and grades

of subdivision.

(which is a real discontinuity) has no practical or theoretical signifi-
cance for most purposes or, at least, for our present purposes. (Even so,
it does matter in some sorts of studies.) On the other hand a para-
mecium in a pond and a man reading this book, a fish in the sea and a
bird in the air, an opossum up a tree and a bat in a cave, or a cat
stalking a mousc and a dog chasing a rabbit clearly and significantly
represent sharply discontinuous adaptive types with, in the sequence
of examples, characteristic differences in the breadth of the disconti-
nuity.

A visualization of some of these relationships, useful as long as one
bears in mind that it involves abstraction, analogy, and oversimplifica-
tion, is to represent adaptive types as zones which can be diagramed
on paper as hands or pulhwnys, together simulnt‘ing in some examples
asort of grid (Fig. 22). A hroader zone represents a more general adap-
tive type and a wider space between contiguous zones indicates greater
disc(n‘ltinuity of type. Adaptive types may be defined in part and in
some cases in geographic or physical environmental terms, but it is
essential to remember that what we are talking about here is not a
geographic, physical, or even in the broadest sense environmental zone
but an adaptive zone, representing a characteristic reaction and mutual
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relationship between environment and organism, a way of life and not
a place where life is led.?

To give even a semblance of reality to this visualization, it is neces-
sary to think of most broad zones as subdivided into narrower zones,
these again into subzones, and so on down to narrowest bands cor-
relative with demes or even with individuals. For cxample, a major
zone of rodentlike adaptation might, as one of numerous possible sys-
tems of subdivision, include zones one of which is squirrellike, in
turn subdivided perhaps into arboreal and terrestrial subzones, the Tat-
ter into nonfossorial and fossorial or maybe noncommunal and com-
munal, and 50 on down to a sub-subzone representing the particular
and special adaptive type of one colony of Cynomys gunnisoni zunicnsis
(such as the one visible to mc as T write these lines) or of one family
or individual in that colony. To be sure, somewhere along the descend-
ing scale is a point below which existing differences in adaptation are
not consistently correlated with genetical or with heritable ph(‘n()typi(:
variation and therefore do not concern us here. I the example, adaptive
diflerences down to the deme (the colony or “prairie-dog, town™) prob-
ably have some correlation with hcr(x]ity and those within the deme
do not; this is a usual situation.

Changes in adaptation involve, ﬁguratively, movement of phylo-
genetic lines within or between zones. Such movement may be an ex-
pansion or restriction, more often the latter as when a group covering
a broader zone becomes specialized and more narrowly confined to one
of its subzones. Movement may also be interzonal, for any level be-
tween major zones and subzones. Thus differentiation of prairie-dogs
from ground squirrels was subzonal, rather far down the scale but
not at its lowest levels. Change of penguin ancestors from aerial to
aquatic adaptation was interzonal at a rather high level.

Discontinuities between zones as seen now or at any other point in
time are generally quite clear and fixed. Canidae and Felidae are now
in different, sharply discontinuous zones within a major zonc of ter-
restrial, predaceous carnivores. Even the chectah, a doglike animal as
cats go, does not contradict the fact that animals fully intermediate in
adaptive type between cats and dogs would be anomalous in the exist-
ing ecological system. Coming down the scale, there are also distinct

21 now find part of my eatlier discussion of this subject (Simpson, 1944a) some-
what confusing in this respect.
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but lesser discontinnities hetween, say, pantherlike and lionlike sub-
zones, and going upward there are distinet and larger discontinuities
between, for instance, terrestrial and aquatic carnivores. ( Designation
of zones in taxonomic terms, as “felid” or “canid,” is-also a convenience
and a convention, as is their occasional dcsignution in environmental
terms, but is still not to be allowed to obscure the fact that jt is adap-
tation, not organism or cnvironment, that defines the zones. )

Since the divergence of dogs and cats in the Focenc, dogs have
changed less in adaptive type. In a sense, the cats have moved from a
broadly canid zove (more precisely a viverrid zone) into the felid
zone. As the grid appears today, this suggests that they crossed an
adaptive discontinuity. There is no doubt that such events do occur,
When they do, the discontinuity corresponds with the adaptively un-
stable conditions around a threshold, as discussed in the Iast chapter.
It is, however, an importaut additional fact that the zones themselves,
and their relationship to cach other, evolve. Environments change aud
organisns clmngu. As they do, so do both the existing and the possible
rclutionships between them, which are symbolized as adaptive zones.
The adaptive relationship may and usually docs show steady scenlar
change. The existing canid zone is not the same as the Eocene canid
zone from which the cats moved, nor was the felid zone then like the
recent felid zone. The discontinuity between them was thus not the
same as that now existing, and it does not follow that it was equally
large or even that it was then present at all.

Many of the problems of the evolution of adaptation involve the
existence and origins of discontinnities in and hetween adaptive zones.
Some discontinuitios arce inherent in the (t('()l()giv:nl situation over the
periods involved in an adaptive change or may cven be regarded as
permanently required by the environment. Thus a discontinuity be-
tween aerial and aquatic lile seems inherent in the permanent physical
distinction between air and water. We may be quite sure that regard-
less of continuous evolution of hoth acrial and aquatic adaptive zones,
a discontinuity did have to be crossed when the penguins evolved.
This example shows, nevertheless, that the inherent (]isc(mtinuily may
not be as great or of quite the same sort as appears at first sight. In
fact therc is an adaptive zone with only slight discon(innity from the
strictly aerial zone and yet nearer the aquatic zone. (Fig. 23.) This
intermediate zone is now occupied by oceanic hirds that fly both in the
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Ficure 23. Grib DiacraM oF Pencuin EvoruTion. (From Simpson,
1916.)

air and under water, among them some of the Procellariiformes, c.g.,
Pelecanoides, diving petrels. There is still a distinet discontinnity l;c-
tween the adaptation of forms like this and that of the (!:lrli(-sll true
penguins, Its threshold was the peint where sclection for underwater
flight became stronger than for acrial flight, with the ultimate offect
that the former was perfected and the Tatter lost. Once over this thresh-
old, the penguins had progressive and complex postadaptation to the
new environmental re]ati(mship, and this, in itsclf, has further removed
the penguin zone from that of Pelecanoides and still more, of exclusively
acrial flight (Simpson, 1946). Incidentally, although there is now an
increased disc()ntinuity between Pelecanovides and the preseut pen-
guin zone, that genus, perhaps with some others of similar habits, may
be a rare instance of a recent animal near a major primary threshold.
Study of sclection on it would doubtless be extremely difficult but would
also be extremely interesting,

Other inherent discontinuities include that between aquatic and
land life, which was crossed, as in the somewhat reversed casc of the
penguins, by forms whose adaptation was allernativcly to both habitats,
either facultatively or at different periods in ontogeny. Discontinuities
that scem to be inherent only for a particular group in the ccological
situation at a given time are illustrated by such cases as change from
browsing to grazing in horses. Intermediate types do occur and evidently
can persist stably in other groups, but for the horses when the change
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occurred cither alternalive was advantageous over intermediate posi-
tions.

The last example, however, probably also involved and perhaps
could be wholly explained by a very widespread effect that causes or
increases discontinuity as and after a new zone is occupied. The effect
of such occupation, in itself, tends to climinate adaptive stability in any
closcly adjacent or overlapping zone. Development of specialized graz-
ing horses placed at a sclective disadvantage any less specialized
grazing lorms and also those in which grazing or browsing was faculta-
tive, as long as grazing was in fact continuously possible. This effect,
which results in a sort of parceling out of a total ceological sitnation
into a number of specialized and more or less sharply discontinuous
adaptive zones, is very general in evolution. Examples on a grand scalc
will be noted toward the end of this chapter. On a small scale, the of-
fect is a normal concomitant of speciation, After adaptive differentiation
of two populations, wherever they come in contact there is a tendencey
to eliminate viviants adaptively intenmediate hetween them. As long
HR (‘()llﬂl‘(l('l"ill)](' g(‘ll(‘v ”()\’\'Y ('Ull“llll(‘ﬂ, l'l(5 ('Ulllil('l PAS HT l‘» I':llll(‘l' Y “II(',
of tension than a discontinuity, but when for any reason gene flow de-
creases or stops (speciidion, sensu striclo, ocenrs ) (]ie:cnn(innily de-
velops. (See, c.g., Huxley, 1939; Mayr, 1942.)

Probably almost all small and most large discontinuitics between
adaptive zones arise in that general way, i.c., develop along with the
adaptive dillerentiation of the groups cvolving in the two zones he-
2 neidents of the opposite sort, with adap-

tween which the gap arise:
tive change initiited across a preexisting unstable zone or inherent
adaptive discontinnity, seem to be relatively fewer in number. There
is, howevcer, reason to belicve that they have been absolutely numerous
in the course of geologic time and have been particularly important
with respect to more marked changes of adaptive types and the origin
of higher taxonomic categorics.

In the course of the evolution of adaptation, zones not only changc

¢ Although this does not represent a strong change in opinion, 1 formerly (1944a)
failed to make this point quite clear and also stressed the less common, but fre-
quently cven more important, cases where threshold effects occur across a rrcexisting
gap. Giinther (1949) has nsed that treatment in supporlt of his view that almost
any change of adaptive type means crossing a discontinuity or unstable zone and has
further gencralized (contrary to my opinion, as he recognized) that random pre-
adaptation is usually involved.




2006 EVOLUTION OF ADAPTATION

constantly in specificity (width) and character (direction or position)
but also appear and disappear. Within the general felid zone, a ma-
chairodontine (sabertooth) subzone early developed as a consequence
of the spread of numerous rather slow-moving and thick-skinned herbi-
vores and the subzone disappeared, with extinction of its occupants,
when such prey became markedly less abundant during the Pleisto-
cene. (The example is discussed in more detail in the next section.)
On a broader scale, evolution of numerous small flying insccts opened
a zone for aerial insectivores, still richly ocenpied (many birds, most
bats), and more broadly still a whole scquence of wide zones succes-
sively subdivided arose progressively as vascular plants spread to the
land and evolved there.

It is abundantly clear that despite periodic climination of many
adaptive zones, mostly rather minor in extent, there has heen tre-
mendous increase in the number of hroad adaptive zones and in the
fineness and multiplicity of subdivision of these in the conrse of geo-
logic time. The broadest zones of all tended to open and be oceupied
early and, while such a statement depends considerably on personal
definition of such zones, most of them were apparently in existence
and occupicd by the end of the Paleozoic. A balance toward increase
in number of zones of lesser scope, at least, continued much later, prob-
ably well into the Cenozoic. Whether the balance still is tending toward
increase is a moot point. There has perhaps been a decrease in the late
Cenozoic, but it is impossible to say whether this indicates that the
earth is, so to speak, full at last or whether much further adaptive
extension and subdivision will eventually occur. If it were not for the
quite unpredictable activities of man, who is eliminating many adap-
tive zones (or subzones) and creating many others, I would favor the
latter alternative, simply as a guess subject to no verification and
backed by no impelling evidence.

THE OCCUPATION OF ADAPTIVE ZONES

A basic evolutionary sequence, an clement entering into most of
the more complex evolutionary patterns, is the occupation by a group
of organisms of an adaptive zone new to them, their subsequent
diversification and phylogenetic change in that zone, and their eventual
extinction in it, if this has yet occurred. For a zone to be occupiced, it
must first of all exist as a prospective or realized set of environmental
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functions, and there must be a population able to move into it. Existence
of a prospective zone may involve appearance of a new environment
unoccupied as far as the adaptive type in question is concerned, or
new access to such an environment. Any change in the whole en-
vironmental complex (which includes the organisms in it) does pro-
duce new environments, but slow and accustomed changes usually lead
not to new ocenpation of zones but to seenlar evolution of the zones
(and of course of their occupants) already present. The opening of
quite ncw zones is rather by evolutionary changes such as those indi-
cated in the last scction (e.g., spread of vascular plants on the land),
by rather abrupt and widespread geographic events (rise or fall of
relative sea level, advance and retreat of glaciers, cte.), or by new
access (rise of a land hridge, picreing of an isthmus, waif or sweep-
stakes dispersal, ete.)

To enter a new zone, a group musl have ])hysicnl, (-,vu]ulinnury, and
ceological access to it all three, ‘The need and significance of physical
access arc obvious. The zone must occur where the group is or where
it can and does reach by dispersal. By “evolutionary access” in the
present connection, I mean that the group must have at least minimal
prospective adaptation for the new zoue, as discussed in the last
chapter. Acquisition, by any process, of such prospective adaptation
may and frequently does Tead to occupation of a new zone without
involving physical movement of the group or ecological change around
it, except such as follows its own movement into the zone. This is a
relatively clear-cut cvent when a threshold occurs. The horses that
became grazers did not go anywhere to do so, and there was no particu-
larly relevant ecological change around them.*

By “ecological access” is meant that the zone must be occupied by
organisms for some reason competitively inferior to the entering group
or must be empty. Tt is highly donbtful whether a group entering an
occupied zone is ever competitively superior when it is actually in the
process of significant change of adaptation or when its adaptation
for the new zone is prospective rather than cffectively realized. Prob-

+ It might be objected that spread of prairie grasses was a .concomitz%nt ccolng.ical
change. It was a nccessary preliminary in bringing the grazing adaptive zone into
)()ssii]c existence, but not otherwise relevant to the actual event of change in zone
Ly the horses. Also the apparent evidence (Llias, 19-1%) that prairie grasses did
spread in the Miocene, just when the horses took to grazing, may be a coincidence,
What scem clearly to have heen grazing mamnals of other groups had evolved much
carlier elsewhere,in the BKocene and Oligocene.
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ably no gronp ever shifted to a distinctly new zone by progressive
adaptation to it while it was already occupicd by well-adapted or-
ganisms sympatric with the former group and therefore with the pos-
sibility of direct competition from the start. For suceess against a
group already established, it seems to be a rule with few possible ex-
ceptions that the entering group must already he well-ndnpted to just
the same zone, or to a subzone of that zone, or to an overlapping zone
or one near enough to be competitive (which really means that there
is at least some overlap). The first of (hese three situations cannot
arise and the other two are unlikely to arise, if they can at all, unless the
entering group evolved jts adaptive type elsewhere and the “entrance”
was an actual movement, geographical migration or expansion,

It follows that occupation by a differcnt group of a zone already oc-
cupied usually, porhaps a]w:lys, involves changc in distrﬂ)uli()n; a
g(‘.()gmphim”y invading group, il the invasion js successful, onusts one
already established in aregion. This is a very important conclusion for,
among other things, interpretation of the fossil record, which is in al)
casces incmnplctc as rcgards gcogmphic samp]ing. It means that when
one group replaces another of similar adaptive type, a common phe-
nomenon in the record, much the most probable interpretation is that
one or the other evolved elsewhere and is a rather recent migrant where
found—"rather recent” because its current adaptive type has not cs-
sentially changed since it was dcvv]opcd elsewhere, Among many ex-
amples, that of the mammalian faunal imterchange between North and
South America is particularly good, hecause here we know with one
possible exception (the opossums ) where all the many groups involved
came from, when the exchange began within reasonable limits, and
what happened to all the groups. A fairly detailed analysis has been
given elsewhere (Simpson, 1950b). In brief, there was on both con-
tinents but (rspecia]ly in South America rather extensive catrance into
occupied faumal zones by anjmals already adapted to them on the other
continent. With no exceptions, this duplication within faunal 7Z0NCs was
temporary, one group or the other becoming extinet in a geologically
short time. In most cases it was the invading type that survived, as
would be expected because the ability to invade in the face of occupa-
tion implies probable competitive superiority although this might not,
in exceptional cases, extend to longer competition or endure in rapidly
changing conditions.

i
|
I
i
1
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There are a number of apparent exceptions to the rule that replace-
maent of one gronp by another in an adaptive zone .indicntcs geographic
invasion. I question whether any of thesc exceptions really are s{uch.
Some of them arc clearly artifacts of classification. For instance, ﬁissq)cd
carnivores replaced ercodonts (both suborders of CarnllVf)ra) in the
late Tocene and Oligocene (Tig. 19, Chapter VI), inclnding replace-
ment in western United States where these groups had lived together
without decided tendency toward replacement for a very long time,
from the middle Paleocene, Over-all) it is (‘.nlir(‘,]y correct to say that
fissipeds arose from creodonts and replaced the latter, but not without
invasion. The fissipeds that long lived with creodonts were .not com-
peting types but a family with its own well-defined adaptive zone,
Miacidac. The actually competing and replacing types probably mtose
from this family, in a broad sensc, but not in the arca of ohservation,
where no transitional forms are found. The actual replacers are clearly
invaders when they appear. Analysis at the family rather than sub-
ordinal Ievel shows this clearly, for the invaders already helonged to
other and more progressive families than the Miacidae. In f'act, they
replaced the native Miacidae (more similar to them in adaptive type)
more quickly than they did many of the creodonts.

Another sort of apparent cxception is involved in the last fﬂcf stated.
A successfully invading group often tends to divcrsify. in the mvad.ed
area, to nn(l('rgo :l(]nplivc radiation as it ()Ccupics contiguous a(luptlve
zones and specializes into subzones of its original zone. In ﬂ.le cm'lrse
of this process it may, or at least may seem to, spread pr()grussw()]y l.nt()
zones occupicd Dy natives hut not immediately entered .])y.lhc original
invaders. Invading fissipeds forthwith took over the miacid zone and
some creodont zones but only much later knocked out the last creodonts,
Similarly in South America invading cricetid rodents .almost at once
replaced the natives most similar in adaptation, .but since ﬂ.\cn }.u‘wc
bheen expanding greatly and progressively entering more diversified
zones or subzones while the natives continue to dwindle, a process
probably still going on although some of the natives with distinctive
adaptive zones relain these complctely.

Some of this apparent expanding replacement is not 1;(‘:1”)/ such {)ut
is the effect of repeated invasion by new groups of dilfering 't\dnptxvc
types overlapping different zones occupied by natives. Part of it secms,
nevertheless, to be a real phenomenon, and yet it probably does not
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really represent evolution, in situ, of a replacing and replaced group.
Some of it is due to allopatric evolution and later invasion on a smaller
scale. (The areas of the examples are whole, varied continents.) Some
of it is probably duc to what might be called intercalary replacement.
The eventually replacing groups evolve not in but between the zones
of those eventually replaced. When this happens with a good many
groups cach of which has some, even very slight, marginal overlap on
an older occupied zone, the total effect may be to make that zone un-
tenable. The effect is not so much actual replacement in that zone as
disappearance of the zone by encroachment of contiguous zones. An
oversimplificd model may make this clearer. Suppose a carnivore A
is especially adapted for preying on a rodent @, but can supplement
this diet when « is scarce by feeding on b, ¢, d, and ¢ as available and
needed. This is no serious impediment to adaptation of another carni-
vore to feed mainly or wholly on b, another on ¢, another on d, and
another on e. None of these competes with A for g, its principal {ood,
each competes for only one supplemental food of no vital importance
to A, and they do not compete with each other. Their various adaptive
subzones are intercalated around that of A and between it and other
older camivore adaptive types not here specified. But among them
they compete with A for all its supplementary food and are severally
better adapted to take cach sort of this. A then cannot supplemnent its
diet and it becomes extinet when a is in periodic low supply. The eflect
may, of course, apply to any environmental conditions and not to food
alone. A similar effect may ensue when two groups otherwise quite
differently adapted nevertheless have some one necd (such as water,
nesting space, ete.) for which they compete.

In the preceding model, the zone of A was not actually occupied
by another group. It simply became empty except as dilferent, adjucent
zones might eventually cover it by combined overlap. Or, after the
zone is empty, some other group may cnter it by narrower spcciulimli(m
requiring no overlap with the surrounding zones. Then, on a small
scale, there is delayed rather than competitive replacement in the zone
of A. This is a fairly common and rather puzzling phenomena on a much
grander scale. Bats (and to some extent birds) replaced pterodactyls
in their adaptive zone, but not until Jong after the pterodactyls were
extinct and the zone empty for some millions of years. Similarly ceta-
ceans replaced ichthyosaurs long after their extinction. So, in a gen-
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eral way and as regards soine adaptive types, did mammals replace
the dinosaurs, and contrary to a popular impression this was dclayed.
There is no evidence of competition between mammals and dinosaurs,
and mammals that most nearly occupicd zones opened by dinosaur
extinction did so millions of years alter that extinction.

Such cvents are completely incomprechensible if it is supposed that
a p:n'li(-ulur :ul:lplivc ZONC Was (-(mlimmnsly open and ('ssvnli:\lly un-
ch:mging throughout the history, for no way is known or even con-
ceivable (to me, at least) in which a group adapted to an essentially
unc]mnging zone can hecome extinet without competitive r(‘p]a('cm(‘nt
(which, as a matter of fact, is a change in the zone if everything is
considered ). The only possible explanation is that the zone did change,
but that later gronps could move into the changed zone, or into one
defined (more or less arbitrarily in some respects) by some of the same
characteristios. After all, such analysis is always oversimple. There
are very decided diflerences in fotal adaptation hetween cetaceans and
ichthyosaurs, and it is an abstraction of ours when we consider the
special aspects of adaptive similarity and speak of them as being in the
same adaptive zone. To be morc concrete, as an example of the sort
of process that may occur although this particular one probably did
not, a change in the total environment of the ichthyosaurs may have
required thermal regulation for their survival. They did not have pro-
spective adaptation for this change and heeame extinet. 16 was a long
time before another gronp with prospective adaptations for the ich-
thyosaur zone (Jocomotion, aquatic life, food, cte.) plus thermal regula-
tion developed.

In some short range processes it is possible that a transient, nonre-
current (:zlt:lsh'np]m mig])t cause extinction without Iongcr alteration of
an adaptive zone and that this zone would, potentially, then be open
as quite the same. In general, however, it is inaccurate to speak simply
of extinclion as a wity in which emply zones arise. The sume zone as
that formerly occupied is irretricvably gone in the complex flux of
historical process. New zones similar in some respects or defined by
the same partial specifications may arise, at once or much later, as a
sequel to the extinction.

In a morc or less strict sense, empty zoncs thus seem normally to be
new zones, which are constantly arising as the whole complex of adap-

tations cvolves. As previonsly suggested, such zones may arise from
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any sort of environmental change or any sort of evolutionary change
in organisms, since any Changc in cither (»l)vions]y makes p()ss’ible new
re]ationships between them. The great majority of actually empty zones
arc those that never have heen occupied. The most spectacular examples
are provided by islands litemlly empty when formed and eventually
reached somehow (usually by sweepstakes dispersal) by plants and
animals, a sequence especially clear and well-stodied in the (J:l];’lp:lg()s
(Lack, 1947) and Hawaiian (Zimmerman, 1948; Amadon, 1950) Is-
Tands.

Gencrally less obvious but nevertheless more widely important have
been cases where access to an empty zone involved more evolutionary
than geographic movement. In the case of new minor zones or sub-
zones adaptively contiguous to those a]ready occupied, prospective
adaptation for them usnally oceurs even when th(vy are arising and
their oceupation tends to ocenr as soon as tl)cy appear or soon lth('rc-
after. More strikingly distinet zones may require prospective adapta-
tions not in being when they arise and they then may remain cmpty for
long periods of time. For instance, a broad and potentially intricately
subdivisible zone for flying insectivores arose when flying insects
evolved, but there were then no cxisting organisms with prospective
adaptation for that zone and it was man); millions of years before any
developed. Flying inscets were already common in the Peunsylvanian,
and the first possibly flying insectivores (small ptorod:lclyls} do not
appear in the fossil record until the Jurassic. It scems probable (to me;
some other students think it flatly impossible) that unoccupicd major
zones now exist. There is, for instance, no true acrial plankton al-
though I see nothing impossible in the eventual evolution of one, If it
did appear, this in turn would create other major zones. Whether pro-
spective adaptations for this and other possible developments will ap-
pear and such zones will be occupiced perhaps comes under the head-
ing of idle speculation.®

EVOLUTIONARY SEQUENCES AND PRINCIPLES ON TIIE
ADAPTIVE GRID

The same evolutionary events can be studied from many different
points of view and expressed in many different terminologies. The un-

5 . ; : :
] Olr v]xouldl be a ]argc source of material {or science fiction, which has so far heen
singular i/ wmaginative and uninstructed in dealing with possible future evolution-
ary developments here on earth.
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derlying principles, also often expressible in quite different ways with
cqual validity, are likely to appear more clearly and to be better un-
derstood if approaches and handling of the data arc varied. With certain
types of material, analogical diagrams based on the concept of the
adaptive grid have proved to be enlightening for those students, at
least, who habitaally handle abstraction by relational symbols or visual
images. or students (among them some ontstanding anthoritics on
evolutionary theory) who deal with theoretical or abstract concepls
in other forms, such as purcly verbal symbols, such diagrams scem to
have little explanatory content. In spite of this psychological difficulty,
it scems worth while briefly to pursue here the idea of grid representa-
tion for a few cxamples of evolutionary processes that are especially
suited to this method.®

When a new major zone or a complex of related zones is oceupied,
the lower zone, so to speak, or the ficst one entered is commonly the
widest, representing least specific adaptation or least specialization for
the organisms. Sncc()ssively contiguous higher zones, of which there
may be a large number, are frequently (although not necessarily) nar-
rower. They may be occupicd in sequence by populations splitting off
from the next lower zone in each case; this is one of several ways in
which progressive ™ specialization occurs (Fig. 26A, below). Iligher
zones may also be occupied hy populations from other origins, In cither
case, the result is the coexistence of groups of different but similar
adaptive types some of which are more specialized than othiers, When
the distinction between the zones is well defined, with considerable
adaptive discontinuity, and when conditions aflecting this relationship
are fairly stable, such groups may cocxist for a long time or even, so
far as we yet know, as long as life persists. On the grandest scale, that
is the situation of the major phyla of animals. It is also a very common
situation at lower levels in all groups of animals and plants. Ience

¢ These remarks doubtless apply also to the other relatively abstract dingrams in
this book. At least, I have [()unh that some of them, such as Figure 37, give some
students extensive, pleasurable insight while they merely baflle and annoy others.
Perhaps every autlior should define his own mental processes. I habitually visualize
abstractions, but I have made an attempt in this book also to verbalize them suffi-
ciently for those who handle absiraction in words. A difficulty in this respect is keep-
ing the words from heing merely descriplions of the visual images.

71 am here and elsewhere in this book using “progressive” as descriptive of any
sequence in which cach step systematically develops from the last, i.e., in a progres-
sion. This study is not concerned with the more philosophical question as ta possible
progress, change {or the bhetter, in evolution.
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the well-known comparative anatomical sequences from “primitive” 8 to
“advanced” or “specialized” among contemporaneous recent animals:
Lemuroidea, Cercopithecoidea, Hominoidea; Squalus, Rhinobatus,
Raja; Dasyuridae, Phalangeridac, Macropidae; Drepanis pacifica, Dre-
panis funerca; and so on. Almost all of the innumerable “phylogenies”
that have been based on living animals and plants are of this sort.
Incidentally, with possible very rare exceptions at the level of sub-
specics or, at most and still more rarely, specics, none of these really
are phylogenies.

Although persistence, with more or less change, of populations in
both lower and higher zones is thus quite common in such a situation,
extinction in either lower or higher zones or, indeed, in both, is also
common. One of these outcomes, survival of the less specialized, has
been dignified by recognition as an cvolutionary principle. Such a
“principle,” however, is merely a description of what sometimes hap-
pens and this one should be accompanicd by all possible alternatives,
all of which also frequently occur: survival of both more and less
specialized (as above), survival of the more specialized, and extinction
of both more and less specialized. The real point is not that one of
these happens more than another or is the characteristic outcome in
evolution, but that each tends to happen under certain conditions that
we shonld seck to identify.

Survival of the more specialized, in the higher adaptive zone, is the
usual outcome when the zones are not so distinet as to preclude com-
petition, i.c., when they do overlap in some essential respect even
though separated by discontinuity in all others (Fig. 24A). Many of
the examples of ecological replacement of one group by another are
probably of this sort, although it may be difficult to judge relative degree
of specialization and to avoid the fallacy that a replacing group is
ipso facto more specialized than the one replaced. Yet this cffect is
almost certainly one, at least, of the factors in such cases as the replace-
ment of the least specialized creodonts, the Arctocyonidae, by more
specialized condylarths, on one hand, and other creodonts, on the other,
and then the later replacement of condylarths by still more specialized

® I use quotes because this is a frequent comparative anatomical designation but
one that is often incorrect in its implications. No recent animal is primitive in the
sense of being early or ancestral and none was cver primitive in the scnse of heing

generalized. Maost living “primitives” also have some “advanced” or strongly spe-
cialized characteristics.
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ungulates and of creodonts by generally more spccializ.ed. fissipeds. I.n
other instances a factor in the extinction of a less spccmhz.cd. group is
competition with still other groups with which more spccmhzed‘rela-
tives do not compete or over which they have an advantage. Ultimate
extinetion of all the earliest, in some sense less specialized horses and
survival of only one type, which was the latest to .nrisc and :m.mn;:: t[hu
more specialized, was probably largely due to this f:lct‘or. It is highly
unlikely that compctition between grazing and brow.sTng horses was
lethal, but the browsing horses had heavier competition f'rom other
groups, especially various artiodactyls. A third sor‘t of survival of th(;
more specialized is largely nominal: transformation of an z.mces.tm
group into its more advanced descendants, as ()f'Hymcothermm'Jnt‘o
Lpihippus and so on. This is not a sequence involving lower and higher
zones but evolution of and in a single, changing zone.

Survival of the less specialized may result when crmditionsl become
generally unfavorable for all populations in related zonc.s (Fig. ‘QAB)‘
Greater adaptability of the less specialized grouI‘), both in that '1t has,
so to speak, more room for maneuvering in its wider zox.lc an.d in that
it often has more opportunity to change zones, then gives lt.grcate'r
chances for survival. Ainong many examples probably invn]vmg‘ this
general advantage is that ol the Cacnolestoidea, a group of South
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Amcrican marsupials that occupied four distinct adaptive zones with s : :
a clear sequence of increasing specialization (Fig. 25).° The most RS
specialized group became extinct first, then the two of intermediate

SO

specialization, and the least specialized still survives. A related factor : - O PRSI
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! Frecome 25, EvorLuTion oF THE CAFNOLESTOIDEA. Progressive extine- i T g .
- tion of more specialized and survival of the least specialized groups. . .
A e o ) . ) ; !
i (This is o grid diagram, in whicl widths of bands represent relative i
b seope of adaptive type, not abundance or varicty of the animals.) ;
in survival of the less specialized perhaps operative in such examples :
i and quite clearly so in others is that more restricted, narrow specializa- !
| . qoe1s . . :
iB tion means greater susccptllnllty to any pertinent environmental (:]mngc,
B cven to a single or a random change rather than any geueral deteriora-
X tion of conditions. If a less specialized group feeds on a, D, ¢, and d ! T
! and a more specialized group only on a, general scarcity of food is ! R Poputations in zona or subrone
X likely to lead to extinction of the more and survival of the less special- : FicURE 26. TinEE PATTERNS OF INCREASING SPECIALIZATION BY DE-
ized; disappearance of a, with b, ¢, and d still abundant, is surc to causc : CREASING BREADTIT OF ADAPTATION. A, successive occupation of nar-
: . T . s 1s correration i ; rs. C, narrowing zone.
. extinction of the more specialized group while the less specialized sur- rower zones. B, scgregation into subzones. C, narrowing
"B vives. Such an effect seems to be involved in extinction of the Machairo- ; . - - i
' i i ; ; ; . of a broad zone to split up (by speciation) into scparate populations
: dontinae and survival of the Felinae in the example discussed later in . o I t of the original zone
this section (Fig. 28) i each of which is narrower and covers only a part, of the original zone
iis section (Fig. . ‘ Tt 3 : ; s diaor : ;
O t of " lization has | tioned, sequential a : (Fig. 2613). Although this cffect is not shown in the diagran, a usual
ne sor specialization has been mentioned, sequential occupa- . . e . oss is that the
, tion of 7ones delcrmqin s in width (Fig. 26A) T]l(: q-mlm sort of (‘H(I‘::t concomitant and indeed, in a sense, result of this process is that tl
: m()vem("nt (;f l)Ol)lll:lti(E),lls into n'lrr()\%/.cr zon‘cs I;l";y 'lri;c in at l(“'mt, ,‘ nartow zones tend to diverge from cach other and cvcnlu:lllly to (:()vml
two other ways readily represented on an ada ),tivc grid. One of these ; a considerably greater total span than the broad, nified ancestra
& C C d adgd . C C H . ) N Jaks Jvi N -'('
: is for a po u{'ltion OC);U ine a considerablcl art or even the whole i zone. This scems to be a very common relationship between speciation
i ‘ % DOPUE Pymg ¢ P ‘ and the evolution of adaptation. It is perliaps scen in its purest or most
® My previous discussions of this example (e.g., 1944a, Fig. 21) erred in showing : learly separable form in such examplcs as the differentiation among
the most specialized group, Polydolopidae, as derived from the next lower in spe- clearly separabic 1 . ) idized fmmigrants on isolated archi-
cialization, Ahderitinae. Evidence since found snggests that the Polydolopidac arose descendants of relatively unspeciadived immigrants solated <
independently from the least specialized group, Cacnolestinac. This complicates the pelagos, c.g the Geospizidae on the Galdpagos (Lack, 1917).
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genetic progression in a zone that becomes narrower as time goes on
(Fig. 26C). This, too, may be common, although one must guard
against the conclusion that progressive and irreversible structural
change implies in itself that adaptation is narrowing. Man, for instance,
has undergone considerably more progressive change than, say, an
“ocene lemuroid but obvicusly occupies a tremendously broader adayp-
tive zone. Actual narrowing of adaptation in the course of phylogeny
within one general zone is probably less commnon than change of
adaptation, which has no special correlation with narrowing adaptation
but is often mistaken for it. Change means loss of ancestral functions
and we sometimes overlook the fact that new functions usually compen-
sate the loss. T have the impression that progressive specialization in
the sense of narrowing of adaptive zone in phyletic evolution is much
less common than has generally been supposed. Yet it surely does oc-
cur, for instance in host-specific parasites and monophagous animals
some of which must have arisen from less specific or polyphagous an-
cestors (e.g., Thorpe, 1930, 1940). But most of these and analogous
cases may involve not so much the narrowing of a zone as its subdivision
by speciation, as discussed above. Indeed it may be a rule that when
a zone scems to narrow, and really does so for populations continuing
in it, this is usually the result of occupation of subzones in that zonce
by other populations. At any rate, when there is no parceling out of
subzones by related species or encroachment on a zone by related or
unrelated populations, I see no evidence that progressive adaptation
within a zone tends as a general rule toward narrower adaptation.

In passing, it should be noted that the sort of specialization just dis-
cussed is specified as narrowing of adaptive range or zone. The word
“specialization” has been used loosely in many ways and only conlusion
results if conclusions relevant to onc usage are applied to another. A
wholly different but also common usage applies “specialization” to
changes that limit further possibilities for change, or scem to. For in-
stance, the specialization, in this sense, of the foot of Equus scems to
preclude any further essential change in that structure, but I see no
reason to think it gives Equus a narrower adaptive range than its three-
toed ancestors. Some discussions seem almost to imply that any changc
is neeessarily a specialization. The subject will again be mentioned in
a later chapter (1X) in connection with the concept of overspecializa-
tion.

o 7
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To turn to a different topic, it is a common evolutionary pattern for
a group to expand successively ito a sequence of adaptive zones which
involve different sorts bnt not necessarily different breadths of adapta-
tion, although narrowing in the higher or later zones is commonly pres-
ent also as in the examples first disenssed in this section. In this pat-
tern, cach zone normally has a considerable degree of stability when

. Gensrol zone
.. Zof progréssion .

v

A-B-C-D~E = Stufenrsihe

g -b-c-d-e = Ahnenreihe
Ficure 27. EvOLUTION INVOLVING SUCCESSIVE OCCUPATION OF ADAP-
Tive ZoNis AND Successive CLOSING oF OLDER 7Zoxes. The Stufen-
reihe, A=F, indicates the general dircction and nature of the progres-
sion of the Ahnenreihe, a-e, hut in fact none of the pnl)lﬂ:llinns of A=18

arc cvolving in that direction.

occupied, and populations in cach tend to survive, expand, and adapt
further cven while other populations are making the change to the
next zone in the sequence. All or several zones may remain in existence
and be occupied simultancously, but it also frequently happens that
each zone overlaps the next lower in some respect or is so related to it
that occupation of a zone tends to change the next lower and to make
conditions less favorable to populations in the latter. In such a case
there is not only successive occupation of zones but also successive ex-
tinction of their occupants following more or less regularly at intervals
after zonal occupation and in the same sequence, a situation shown
diagrammatically in Figure 27.

This rather complicated pattern might be judged a priori to be so
special as to be unusual in nature. Althongh of course the perfect
rogn]m‘ily of the diagram is not usual, the fact is that examples clearly
ol this sort are very common in the fossil record. The populations cvolv-

ing within a zone are frequently abundant and widespread. They are
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likely to be found as fossils and they provide a sequence both temporal
and structural which closely simulates a phy]ogcny. Then the steps in
the sequence are really discontinuous, The populations through which
phylogenetic continuity occurred are those that moved from one zone
to the next, not those that expanded within the zones. The populations
in the true phylogenctic lincages that moved between zones are alinost
always smaller, in total numbers, and also more restricted geographically
than those in each zone. Morcover, although all the interzonal transi-
tions sometimes occur in one arca, different steps may occur in quite
different regions. Thus the chances of finding any interzonal line arc
smaller than for finding a zonal population and the chances of finding
all interzonal lines in a long sequence are very slight.

The result is that paleontological sequences related to this pattern
usually include the successive but discontinuous zonal populations, form-
ing what Abel (1929 and earlier) called a “Stufenreihe,” “step series.”
Representation of the interzonal, actually phylogehetic sequence, the
“Ahnenreihe” or “ancestral series,” is usually less good, and the whole
of that series is seldom known for any long time span. Many paleonto-
logical “phylogenics” are really Stufenreihen or include parts that are
Stufenreihen along with parts of Ahnenrecihen, rather than being Ahnen-
reihen and hence real phylogenics throughout. The Stufenreihen are
analogous to the comparative anatomical “phylogenies” mentioned
above and are due to the same general sort of phenomenon, but they
do usually more nearly approximate true phylogeny. They have cor-
rect and given time sequence of the stages and each is nearer to an
actual phylogenetic ancestor than are the comparative anatomical
stages, especially as regards the so-called “primitive” ones among the
latter.

The phylogeny of the Equidae, as followed in Europe and in North
America, is an example of this pattern that is unusually close to the
diagram and that is open to no other reasonable interpretation because
here we have not only a Stufenreihe in both regions but also very nearly,
at least, the whole Ahnenreihe in one of them (see Chapter XI,
Fig. 46). The lungflish phylogeny of Dollo (1896), rightly considered a
trinmph of the Brst half century of phylogenctic palcontology, was really
a Stufenreihe (Abel, 1911). An example at a lower taxonomic level, of
interest in showing how an Ahnenreihe can sometimes be reconstructed
in almost all its detail from a Stulenreihe, is Kaufmann’s Olenus series
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elsewhere discussed (Chapter VIII, Fig. 31). Other examples are legion.
In fact most long palecontological series show the Stufenreihe-Ahnenreihe
pattern, symbolized in Fignre 27, as one clement among others,

~ Asan example of application of the adaptive grid symbolic analogy
to analysis of more complex real sequences, the history of the Felidae
may he summarized in this way (g, 28). Tn this diagram, innumerable
complications have been omitted; all could also be analyzed in this
way by using separate diagrams at successively lower taxonomic levels.
The purpose here is to give an over-all picture of the evolution of a

Viverrid
\/? zone

{Continvas»)
Ficure 28. Broapkst Fratunes oF THE FvoLuTioN oF THE FELIDAE.
At a the {clid zone opens by extinction of the creodonts and evolution

of the herbivores, AU D many large, slow herbivores became extinet and
the machairodontine zone disappeared therealter, For other features,

see text.
large group of animals as an example only. The indicated phylogeny,
which is highly schematic, is essentially that of Matthew (1910), whose
views still seem to me most probable in such major points as are repre-
sented in the diagram, although Scott (e.g., 1937) has supported an
interpretation radically diflerent in some respects and Ilough (1951)
has suggested greater complexity and somewhat different relationships
for the machairodont group. Their views could equally well be shown
on such a diagram, but the purpose of exemplification of the method
would be no better served.

An adaptive zone for the Felidae as a whole became available with
the rise of various herbivores and the decline of creodont carnivores. It
was occupied by a considerable varicty of animals derived from pro-
spectively adapted viverrids. The wide, more basal viverrid zone has
persisted and is still richly ocenpied, The early felid major zone, which
as a whole was somewhat more like the Pleistocene sabertooth than
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the Pleistocene or Recent cat zone, tended toward subdivision into two
zones, not then very distant from cach other and both rather finely sub-
zoned among a variety of types. These two zones were ()ccnpi;‘,d re-
spectively by hoplophoneines and nimravines. Lincages of general
hoplophoneine type evolved in a continuing zone which changed consid-
erably but maintained about the same level of specialization and of dif-
ferentiation from a basal, more or less viverridlike fissiped zone. Late
occupants of this zone were the Machairodontinae, including the widely
known genus Smilodon, popular exemplar of the sabertooths (or “saber-
toothed tigers,” a most misleading popularization). Lincages of more
or less nimravine type also evolved in a continuing zone which changed
more appreciably, as regards the dentition, at least, so as to become less
sabertoothlike than the carly Nimravinae. The Felinac arose in this
zone and occupied it in later stages. Change mainly in the nimravine-
feline zone tended to move the two (speaking broadly) felid zones
farther apart, producing greater discontinuity between them and re-
ducing marginal competition, which was doubtless a factor in their
divergence.

In the late Cenozoic there were two quite distinct zones, the machai-
rodontine, with adaptation particularly to preying on rather large, slow,
thick-skinned herbivores,'® and the feline, with less specific adaptation
on the whole but particularly related to preying on smaller and more
agile animals. By the end of the Pleistocene, the sort of prey for which
machairodontines could most successfully compete had become mark-
edly less varied and abundant all over the world and the specifically
machairodontine zone effectually came to an end. Its occupants at the
time, the Machairodontinae, probably had sufficient prospective adapta-
tion to change to a contiguous zone had one been open but could not
do so in the face of existing, already well adapted occupants in such
zones, notably the hyaenids in a carrion-eating zone and the felines in
a broad ambush and pursuit zone. The Machairodontinac became ex-
tinct.

ADAPTIVE RADIATION AND ITS SEQUELS

It is strikingly noticcable from the fossil record and from its results
in the world around us that some time after a rather distinctive new
10 Bohlin (1940) thinks that they were carrion-caters, but this seems most un-

]ike]y'to me (Simpson, 1941) and in either casc it is probable that this is the kind
of animal they ate, whether they killed them personally or not.
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adaptive type has developed it often becomes highly diversified. This
may follow soon after the origin of such a type or may be long delayed
(a point discussed in the next scetion), but it is more likely than not
to oceur sooner or later if the type docs survive and become well
established. Diversification may be bricl or prnlong(:(] and may be of
limited scope or may ramify into the most extraordinarily varied zones
covering a breadth of total adaptation that would have been wholly un-
predictable and incredible if we were aware only of the beginning of
the process. (This, by the way, is onc reason why I continue to be
somewhat skeptical of the iden, stated in Huxley, 1942, and in work
by that student not yct published at this writing, that evolution has
essentially ended except in man.)

The same sort of diversification follows, and in this case begins al-
most immediately, when a group spreads to new and, for it, ccologically
open territory. The extent of adaptive diversity eventually reached
tends, although rather roughly, in the first case to be proportional to
the distinctiveness of the new adaptive type and in the sccond to the
extent and diversity of the new territory. In both cases the more direct
factor may be said to be the extent of adaptive opportunity provided
by the change or, in other words, the number of prospective adaptive
zones opened more or less simultancously Lo the groups involved. In
many instances it is, however, by no mecans obvious when a new adap-
tive type is arising how distinctive it will eventually become or what
zones will later open to it or develop with it. Indeed the carly stages of
what later becomes a strikingly novel adaptive type may have only
the slightest distinction from its ancestors or collateral contemporaries,
a fact which is, of course, related to delay in diversification of such
groups and which doees not contradict an over-all correlation of distine-
tiveness of type with cventual diversity.

So far as adaptive radiation can be distinguished from progressive
occupation of numerous zones, a phenomenon with which it intergrades,
the distinction is that adaptive radiation strictly speaking refers to more
or less simultancous divergence of numerous lines all from much
the same ancestral adaptive type into different, also diverging adaptive
zones. Progressive occupation of such zones is not simultaneous and
usually involves in any one period of time the change of only one or
a few lines from one zone to another, with each transition involving a
distinctly different ancestral type. Theoretically, at least, the whole of
the diversity of life is explicable by these two not sharply distinct
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processes plus the factor of geographic isolation which may permit cs-
sential duplication of adaptive types by diflcrent organisms in diffcrent
regions.

There has been a highly irregular and yet fairly general tendency for
existing diversity to increase throughout the history of life. This in-
volves a concomitant tendency for the adaptive zones still remaining
open to occupation to become narrower in scope as well as fewer in
number. Because adaptive radiation, like any change of adaptive type,
depends on availability of adaptive zones and because it further requires
that several or many of these be available simultancously (or nearly so
on the geological scale, at least) there has also been a tendency for
the scope of adaptive radiation to decrease. This has been further ac-
centnated by the fact that major radiation requires considerable geo-
logical time. The tendency has, again, been extremely irregular but its
cffect is evident.

As far as environmental possibilities are concerned the very broadest
possible scope for adaptive radiation existed when life first arosc, even
though the further evolution of life has itself from time to time opened
very broad possibilitics. Actual oceurrence of a radiation requires, again
like any adaptive change, not only this possibility in the form of pro-
spective adaptive zones but also the existence of organisms with pro-
spective adaptations. Protistans secm inherently limited in prospective
adaptation for any but subzones of their own broad zone. After meta-
7oan organization had become well established, there came a time
when maximum prospective adaptation among them coincided with
maximum scope of prospective adaptive zones in a world empty of
life other than protists and a restricted range of truly primitive multi-
cellular plants and animals. Radiation of most of the animal phyla en-
sucd. Much of the long discussion of the rather sudden appearance of
the phyla (although Cloud, 1949, has pointed out that “sudden” here
involves time on the order of some tens of millions of years) seems quite
heside the point because it overlooks the great probability that this was
an adaptive radiation which is, to the degree required by the actual
record, a “sudden” process. Each of the major phyla (i.e., those clearly
warranting that grade rather than having it conferred on them because
we do not know the rclationships of some aberrant relict) docs stem
from a distinctive and basic adaptive type. When this is not obvious,
the obscurity is due to later radiations within the phylum, the diversity
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of which overlays the relative unity of original adaptive type. No later
radiation has developed the scope of this particular one, not only be-
causc there has been less time but also because the great radiation had,
in a sense, preempted the broadest possibilitics.

Not all origins of phyla can be assigned to the postulated great radia-
tion. The Chordata perhaps cannot, because the first sure chordates ap-
pear rather late for a phylum (late Ordovician) and because there is
on anatomical grounds some possibility that chordates arose from
cchinoderms (Dec Beer, 1951 ).

The now existing major adaptive types of chordates do not owe their
origin to carly adaptive radiation in the phylum, which occurred but
whicliinvolved lesser adaptive differences. The mijor types, correspond-
ing to the classes in taxonomy, arose partly by radiation and partly by
successive occupation of major zones: the Placodermi by succession
from Agnatha, the Chondrichthyes and Osteichthyes probably as the
most successful branches of a (poorly known) radiation in the Placo-
dermi, the Amnphibia by succession from Osteichthyes and the Reptilia
by succession from Amphibia, the Aves and Mammalia, finally, as the
most snccessful hranchies ol a radiation in the Reptilin, The complexity
of the process and the lack of delinite distinetion between radiation and
succession is, however, shown by the fact that even when the relation-
ship as between classes is suceessional the particular lincage that made
the adaptive shift was one of many involved in lower-level radiation.

Within the Mammalia, carly radiations evidently occurred but what
little we know about them suggests that they were of small scope, in-
volving few major adaptive zones and with less scope than, say, some
contetnporancous single orders of reptiles. Much Tater occurred the
combination of, on one side, primitive placental mammals oceupying
an adaptive zone alrcady rather broad, the organisms with extensive
prospective adaptation, and on the other side a wide range of virtually
empty adaptive zones. The emptiness of these zones was due in part to
extinction of many groups of Mesozoic reptiles, a series of events that
no one has satisfactorily explained in separate detail for cach, although
the general principle back of them is clear. In part, and it may be in
greater part, lack of occupation of zones for which mamunals hecame

11 On the other hand, there is also some possibility that the grzl})lolilcs were chor-
dates (Kozlowski, 1947) and graptolites appear carly enongh (late (_:.’l"ll)l‘i:nl? to
have been possible results of the great radiation although there remains some slight
additional possibility that they arose from the still older echinoderns.
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prospectively adapted around the Mesozoic-Cenozoic transition was
due to the fact that reptiles had not developed prospective adaptation
for numerous zones that nevertheless hecame potential as evolution pro-
ceeded throngh the Mesozoic. Physical and ccological access to these
zones cxisted; cvolutionary access did not until mammalian evolution
(a ramification of reptilian radiation) rcached a certain point, a great
threshold beyond which lay not only one but many divergingr adaptive
zones.

In the great, basic radiation of primitive placentals (nominally in-
sectivores), which probably began in latest Cretaceous time and clearly
continued through the Palcocene, various lines reached adaptive zones
hasic for almost the whole range later so richly developed by mammals.
These most basic zones may be roughly equated with the taxonomic
orders, among which at least the following rather surely arose from the
great primary placental radiation: Insectivora, strictly speaking (a
bundle of radiating lines that did not happen to move significantly
far from the major ancestral zone), Dermoptera, Chiroptera, Primates,
Tillodontia, Taeniodonta, Edentata, Lagomorpha, Rodentia, Cetacen,
and Carnivora in a very broad sense (the carly members were not
carnivorous). For most of these, the nature and range of basic adapta-
tion is fairly obvious, although it must be emphasized (and will be
again) that when really early members are known, these are remarkably
similar in all the groups named. The zones diverged and developed
really clear-cut distinctions only with further evolution. For instance,
the many known lineages of more or less insectivorelike and more or
less primatelike mammals in the Palcocene and Eocene are all similar
except in endlessly varied detail. There is no character or complex of
characters, no clear-cut difference of adaptive type, that warrants divid-
ing the lines decisively between Insectivora and Primates. Yet among
these lineages were small adaptive differences that were to evolve into
the tremendous adaptive discontinuity between, say, a man and a mole.

A secondary but still major, complex radiation, begun while the pri-
mary radiation was still under way, produced from primitive carnivore-
condylarth or ferungulate stock a great array of carnivores, in a stricter
sense, and an even greater array of ungulates and their allics. Still an-
other radiation followed from physical access to the ecologically varied
and (for mammals) empty continent of South America. There several
major adaptive types, already differentiated as such, radiated simul-
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tancously: primitive marsupials, edentates, and omnivorous to herbiv-
orous ferungulates (condylarths and condylarthlike). In descending
scale, with reference to the distinctions eventually developed between
the adaptive zones occupicd and the range of adaptation evenluul?y
covered by the various zones, radiation from the condylarth zone in
South America gave rise to Litopterna, Notoungulata, Astrapotheria,
Xenungulata, and Pyrotheria. The notoungulates, most successful of
these groups, radiated early and exuberantly through late Paleocene and
Eocene into what were, in the Oligocene, nine adaptive zones distinct
enough to correspond with taxonomic families. Each of these zones in
turn was subdivided by lesser radiation. For instance in the Notohip-
pidae (a group with some adaptive similarity to horses, as Ulf‘, name
implies, but no phylogenetic relationship) at least five carly Oligocene
genera were present simull‘uncously in a rather restricted arca.

In such cases radiation of a minor sort, taxonomically at about the
specilic level, doubtless also ocenrred in many or most of the generic and
familial zones, although geographic distribution of palcontological
samples is inadequate o show the full scope of these minimal radia-
tions. Radiation at these low levels is clearly shown in the linches and
tortoises of the Galipagos or the honeycereepers, land snails, and many
groups of iusects of the IHawaiian Islands. It is also cvident but mft
generally so isolable as a single event in many polytypic genera of ani-
mals and plants all over the world.

In exemplifying adaptive radiation and its scope, 1 have run down
the scale from phyla to specics. It is, however, seriously misleading as
to the complexity and the true nature of the process to look at it (as
some students have) only as a sequence of radiations of regularly de-
creasing scope. The actual phylogenetic process is not ﬁr?t a radiation
of phyla, then of classes in cach phylum, then of orders in cach class,
and so on down until finally a radiation of species occurs. What ac-
tually occurs when any radiation is going on is simply a incrg?llce of
populations, which are or are becoming separate species, into different
adaptive zones. These zones themselves then evolve, as has been em-
phasized. Their characteristics, what are scen in retrospect 1o have
been their potentialities, interactions between them, and the amount
of time clapsed all yeact together to determine how distinctive they
cventually become. Whether we represent the outeome as radiation of
genera, orders, or phyla, depends, so to speak, on how far back we
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stand, how much of the whole picture we take in and how much we
generalize on a pattern which is in detail no more and no less than
constantly recurring radiation of populations and constantly occurring
succession of adaptive changes in populations. This touches on other
problems, particularly concerning the nature and origin of higher cate-
gorics, that will require further discussion in this and Iater chapters
(especially Chapter XI).

In carly phases of an adaptive radiation, particularly one that does
reach considerable or great scope of total adaptive range, there is
usually an evident and sometimes almost a dramatic release of varin-
bility. A radiation does not oceur unless prospectively adapted popula-
tions exist, and it is an aspect of their prospective adaptation that they
liave (as in fact do most populations, but in these cascs probably to
unusual degree) large pools of potential genetic variability (sec Chap-
ter I1I). Increase in total population, cven though this is distributed
among descendant species, relaxation of ccntripéta] selection, and a
centrifugal pattern of selection away from the ancestral condition and
into a variety of divcrging adaptive zones are concomitants of the situa-
tions in which adaptive radiation does occur. All thesc factors tend to
release variation from existing pools of variability and also to increase
the probability and rate of fixation of new variability arising by muta-
tion.’* One would then expect a phase in adaptive radiation in which
intragroup variation was large and intergroup variation still larger and
increasing rapidly. In addition to this, there would be a considerable
number of adjacent and overlapping adaptive zones the boundaries
of which were not yet clear and discontinuities between which were
still small and ﬂuctuating. A further expectation would therefore he
dcvelnpm('nt, for a time, of a great varicty of adaptive types, rather
poorly differentiated from each other, and partly conflicting and adap-
tively unstable,

These expectations are wholly fulfilled when we happen to get the
appropriate carly phases of an adaptive radiation. An unusually good
example is provided by the Notoungulata (and some other groups) in
the late Paleocene and carly Eoccne of South America (Riochican of
Argentine Patagonia and Brazil, Casamayoran of Argenling, sce Simp-

e There is also the possibility of sclection for increased mulation rates in such a
situation but it is questionable whether this is an appreciable factor or whether in
any one lineage it would have time to operate before the lineage was sufficiently
adjusted in its adaptive zone to make high mutation rates again disadvantageous.
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son, 198, also continuation of that work still in manuscript and studies
by de Paula Couto now in progress). Intragroup variation is great, in-
tergroup variation js wmusual and is plainly increasing, the notoungu-
Jates as a whole are protean almost beyond parallel, and there are so
many transitional types that the taxonomic problem seems almost hope-

less.

In theory such a condition cannot persist indefinitely and in fact it
docs not in the known examples. It may be prolonged in a major radia-
tion like that of the Notoungulata by the fact that the actually primary
process, the splitting of populations, does not really go on all at once
but now in one and now in another segment of the whole taxonomic
gronp and in renewed bursts as new adaptive levels are reached in
succession. Such a radiation, or rather, series of radiations, may thus
continue in the expanding, highly variable phase for spans on the order
of millions of ycars (see the next section of this chapter). Even in this
phase, weeding out of populations and adaptive types is constantly
going on; extinction rates are high although origination rates arc still
higher. The most prolonged radiation, however, finally reaches a time
when rates of origination, averaged over the whole, fall off rapidly. In
this phase rates of extinction are also usually decreasing but less rapidly,
and they come to be higher than contemporaneous origination rates so
that the net result is decrease in total numbers of groups present. In
terms of the evolution of adaptation what is then happening is that
existing adaptive zones have been occupicd and appearance of new
zones (a result inherent in the expansion of adaptive types) has slowed
down or stopped. At the same time, overlap of zones is being eliminated,
their boundarics are sharpening, discontinuitics are developing hetween
them, and intermediate or intergrading populations lose what adaptive
stability they may have had and become extinct. Long range adaptive
possibilitics have developed and are being parceled out among a smaller
number of more distinctive zones. Populations outside those zones are
weeded out.

In the example of the notoungulates these effects are evident by late
Iiocene time and the phase, which of course is not sharply distinguish-
able from those preceding and following it, continned more or less
throughout the Oligocene. In the Eocene there were nine families,
primary products of the basic radiation. In the Oligocene there were
also nine, five continning from the Eocenc and four the more highly
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divergent products of Eocene radiation, In the carly Miocene, when the
phase of parceling out and weeding out had been essentially completed,
there were only six families and all of these had alr *ady been s]mrp]y
distinct in the early Oligocene.

After divergence is complete and the long range main adaptive zones
have become sharply defined and decidedly discontinuous from cach
other there {ollows a phase during which cach main zone evolves in-
(l(‘p('nd(‘n(]y with no evident further divergence or interaction between
them! The radiation as such has definitely ended, hoth as regards its
expanding phase, radiation strictly speaking, and its contracting or
weeding out phase. For the notoungulates, as far as a time can be
designated in a continuous, slowly shifting sequence, this change came
around the end of the Oligocene. Thereafter progressive changes in the
separate major zones continue and within each there are progressions
between and changes within subzoncs, but the radiation by which the
zones arose has no evident influence in these late events. There may
even be renewed radiation in or from one of the zones, as a new and
separate occurrence. (This did not happen among later notoungulates
except on guite a minor scale within Z0Nes. )

This sequence of phases is a striking and often repeated element in
the whole evolutionary pattern, but it is not the only element. It arises
from time to time and on a smaller scale or a larger when a concatena-
tion of circumstances results in the previously specified conditions for
adaptive radiation. It is not constant, nor is it the only way in which
stable, long range adaptive zones arisc or are occupied. Their origin
nay be due at least as often to secnlar processes in the total evolution
of adaptation and their occupation to suceessional evolution from zone
to zone, and not to episodic radiation. Or both the secular and cpisodic
clements may be involved, or again something between the two.

CYCLIC AND EPISODIC EVOLUTION

Adaptive radiation is a clear example of episodic evolution. With all
its complications, prolongations, and repetitions at different levels of
cflcets, an instance of adaptive radiation is an episode set off from
preceding and following cvents at comparable levels and defined by a
beginning and an end. It also has a characteristic course which may be
closely similar in different episodes of adaptive radiation. Such ob-
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servations have often suggested to students that the cvolutionary process
as a whole or some aspects of it might be cyclic, that is, that jt might
consist of episodes of the same sort recurring at more or less regular
intervals. Two principal sorts of theories of cyclic evolution have been
proposed: that a group or characteristic sort of organisms tends to go
through a kind of racial life cycle repeated in each successive group,
and that geologic history and biologic history consist over-all of a serics
of repealing, simultancous Physical and evolutionary cycles.

Theories of aracial life eycle usually recognize three phases deseribed
morc or less as follows: an initial, relatively short phase of vigorous
expansion and diversification, a longer stable ph:lsc of slow ch:lngc
and little increase in diversity unless among minor adaptive or geo-
graphically local typcs, and a final phase, again relatively short, show-
ing more or less marked diversification into monstrous, overspecialized,
degenerate, or generally inadaptive forms, {ollowed by extinction. Nu-
merous dilferent terms have been proposed for these phases. Schinde-
woll (e.g., 1950a), who is aumong the few well-informed recent students
who believe that such phases really do follow cach other with note-
worthy regularity, calls them the phases of typogenesis, lypostasis, and
typolysis, respectively. An analogy is often drawn with individual life
and its juvenile, adult, and senile phases—an analogy obviously perilous
because these individual ontogenetic phases are known to be defined
and conditioned by factors that could not possibly apply to ancestral
and descendant sequences of populations and that do not even have
any known or likely analogy in the factors aftecting such sequences.’

The first of these postulated phases is in general like the first phase
of adaptive radiation as described above and the second suggests the
phase of mainly intrazonal evolution that often follows alter the radia-
tion has quicted down and an intermediate phase of weeding out (which
is not invariably present as a distinct time phase) has intervened. Adap-
tive radiation is common in evolution, so is stable intrazonal evolution,
and to this extent the postulated phases certainly occur. That they fol-

18 Schindewolf extends the same analogy to human cultural hListory also and con-
chides (in German) that “these manilold analogics make it probable that il
temporal-historical development Jollows the same sort of patterns and that phylo-
genetic evolution to this extent falls into a higher category of generalization (hy
which, to be sure, nothing is yet expressed as to the inner determinants of these
phenomena, which in themselves are only analogous).” (Italics his.)
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low cach other incvimb]y, that major radiation js the constant pattern
of a "yuung" group, or that all of evolution can be rcalislicully analyzed
in such terms is not true.

The sequence radiation-intrazonal cvolution is usual, simply because
radiation does not occur unless there are diverse zones within which
evolution will follow. Occasionally, nevertheless, something happens to
close the zones so soon that the radiation js curtailed or t};c intrazonal
phase is even shorter than the radiation, The camarate crinoids, for in-
stance, seem to have been in the full swing of a radiation when they
all became extinct in the Carboniferous, Occupation of a new zone and
subsequent intrazonal evolution may also occur without radiation or a
“youthful” phase, unless the whole scheme is reduced to mere wordaoe
by saying that change from one zone to another is radiation or a "youl‘?l-
ful” phase. No radiation seems to have been involved in the rise of the
Stylinodontinac (Patterson, 1949) and none occurred among them dur-
ing their whole history. Common as adaptive radiation is, such exam-
ples are also rather common, although probably less so from the mere
fact that radiation nay reach any extent and opportunities for radia-
ti.on of small extent are likely to occur for any group that long sur-
vives.

Unless, again, the whole problem is made meaningless by calling any
short-mnge diversiﬁcation, such as the nearly universal and continual
pattern of geographic speciation, “youthful,” "typogcncsis," or the like,
it is also untrue that radiation regularly follows the appearance of a
new group. Tt will short]y be shown that periods of most rapid diversifi-
cation may occur at any time in the history of a group but seem to be
less common just at its beginm’ng than later. Note, for one example, the
Maminalia, in which there was little marked or apparently basic diver-
sification for at least 75 million years after the class arose. Nor is jt
literally true that basic differentiation into major adaptive zones regu-
larly occurs within a group by one radiation (early or late), with sub-
sidiary cycles later filling in the chinks, in a manner of speaking. Some-
thing dcscriptivc]y like this can occur, as in the Palcocene origin of many
of the orders of mammals, although even in such cases the divergence
of the major groups, the thing that makes us call them “major groups”
a posteriori, was a long and later process. In other cases not even this
exiguous agreement with the racial life history theory appears. The
vertebrates, for instance, certainly did not radiate into their major adap-
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tive lypes in any “typogenetic” phase, hut developed the major types, in
large part by successive occupation of zoues, over some 200 million
years.

The supposed last phase of a racial life cycle, that of senility followed
by death, brings up the general problem of extinction, to which this
concept is only ancillary. Extinction will be discussed in Chapter IX.
At this point it need only be said that the concept of senility, as applied
lo evolving populations, secems to be a false analogy and that a phase
even analogical with old age does not appear really to oceur in evolu-
tion. The whole theory of racial cycles is an overgeneralization and
invalid interpretation of some phenomena that are real (buttressed by
some that probably are not) but that do not really have the claimed
relationships to evolution over-all,

Distinctive ndzlptivc types and c()rrnsponding taxonomic groups are
likely to be numncrically small when they arisc and thereafter to increase
more or less in ninbers and varicty if Uwy survive ](mg. That is a neces-
sary concomitant of any nusual mode of dvv('lupnuml‘ that can be as-
cribed to them. Once the group is established, it inevitably varics in
size and divcrsity and so must have a maximum point at some time or
other. In some cases the phenomena of expansion and contraction scem
to have no more interest than this casual fact. In most groups there are,
however, one or more well-defined maxima which clearly are not casual
but represent definite and important episodes in the history of the
group. Fossil sampling permits no fully reliable determination of abso-
lute numbers of taxonomic 1mits in a group, but at levels from genera
upward, less commonly for species, it is probable that determinations
of rise and fall and of titnes of maxima and minima are reasonably re-
liable for groups tairly common as fossils. Not even an approximation
of figures for census population is possible except in the vaguest terms,
but it may often he a reasonable (although it is not a necessary) as-
sumption that total numbers of individuals in any one group tend to
vary with numbers of taxonomic groups. (Of course this assumption
is not even roughly permissible in comparison of groups of quite dif-
ferent adaptive types.)

Something was said about peaks of taxonomic diversity in Chapter 11
from the point of view of their tabulation and of the rates of evolution
leading to (and from) them. The purpose here is to consider them as
cpisodes in the evolution of adaptation, related to the subject of adap-
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tive radiation (also of racial cycles, already discussed) and also to
the theory of simultaneous geologic and biologic cycles.

Sudden rises in taxonomic diversity have frequently been discussed
as examples of “explosive evolution.” The term is ill chosen, as has been
pointed out a number of times, for instance by Cloud (1949), although
it has a certain unintended humor, These are explosions that commonly
take millions of years from fuse to bang (which is silent). Cloud has
suggested “eruptive evolution,” which is better, surely, but still suggests
an inept mental picture to me, at least. Rensch (1947) follows Wedckind
in speaking of "Vircnzperiodcn," which is better yet but might carry
some undertone of the life-cycle analogy. Various other picturesque
terms have heen used, but I shall call these events more primly “epi-
sodes of proliferation,” not a very snappy metaphor but at least a reason-
able designation. ’

Many different factors in the complex web of evolution may underlic
any given episode of proliferation. Rapid phyletic evolution, for jn-
stance, runs up the number of taxonomic nnits existing (although not
simultancously) in a given period of time and occurs during episodes
of proliferation. The one feature probably present and determinative in
all these episodes, however, is adaptive radiation. That conclusion has
been questioned and it can hardly be shown to Jack exceptions, but
examination of many examples always reveals what seems to me clearly
adaptive radiation related to cach episode. This is especially convineing
when more than one episode has occurred in a large group. Episodes
of proliferation after the first generally (always, as far as I have found)
turn out to be due to adaptive radiation in included groups. Thus in the
Osteichthyes the first episode of proliferation follows an adaptive radia-
tion in the Chondrostei, the second another such radiation in the
Holostei, and the third stil] another in the Teleostei, In the Spiriferaceae
the first peak is really a resultant of more or less independent radiations
in several families and the second is mainly due to an adaptive radiation
of the Athyridae.# (Sce Chapter 11.)

** Query should hardly arise at this point as to how it is known that the radiation,
which is factual, really is adaptive, which is an interpretation. Suflicient has already
been said to indicate that speciation, the basic process of radiation, is normally
adaptive. The general evidence for mainly adaptive control in such events is S0
impelling that it cannot be doubted even when, as with species or genera of

brachiopods, the precise adnptive significance of each form may be dubious. In
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It was also stated and exemnplified in Chapter I1 that episodes of
proliferation may come carly, middle, or Tate in the hist()ry of a group.
This confirms the conclusion that adaptive radiation is episodic but not
cyclic. Radiations occur when certain conditions are produced by the
whole concatenation of previous historical events inﬂuencing the. or-
ganism and cnvironment r(:]uti()nship, and not from anything regularly
inherent in the organisins. The peak of an episode of proliferation fol-
lows some time (usually quite a long time) after radiation begins. This
does not mean that incidence s completely random, nor would this be
expected in view of the fact that there are some broad hut pertinent
similarities between the episodes and between the whole adaptive
histories of the groups involved in them. There is, in fact, some evidence
that although the peaks may occur at any time whatever in the span
of a group they are most likely to occur during the first half but not the
carlicst part of that span.

Innumerable complications arise in altempting to compile data on
such a point. Appurcntly objective data may merely reflect a subjective
approach. For instance, as noted, the Osteichthyes had a peak of generic
prolifcration in the Cenozoic, near the end of their span. But this was
almost entirely in the Teleostei, which originated much later than the
Osteichthyes as a whole. Morceover, this peak may be considered a re-
sultant of radiation within lines which had themsclves, for the most part,
arisen in an adaptive radiation in the Cretaccous. The peaks of the
same episode of proliferation are diflcrent for different levels of radia-
tion. In spite of these dillicnltics, an experienced ]).’1]('()ntologist can
usually designate with some assurance an epoch or period in which a
group reached its generally highest point of abundance and differen-
tiation. For instance Stromer (1944) has indicated such high points
for 35 groups of about the average scope of orders, 16 invertebrate and
19 vertebrate.™ It is an advantage for our purpose that Stromer did
not select thesc groups to show the distribution of the high points,
but for quite a dillerent purpose (incidence of gigantism ), If the spans
are divided into deciles, the distribution of high points is as shown in
Table 21. This is not a random distribution. The peak in the third

18 Stromer omitted high points for two mammalian groups that he nevertheless
put in his table and I have supplied these: late Palcocene—early Eocene for the
“Prosimiae” and latest Cretaccous—Paleocene for the Multituberculata. I have also

made some small corrections in his data, c.g., the Mullituberculata as now defined
are unknown before late Jurassic.,
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TaBLe 21

RELATIVE Posrrions oF “Hicit PoINTs” 1n EvoruTion or VARIOUS ANIMALS
(Calculated from a table by Stromer, sce text)

Decile Invertebrates Vertebrates Both
1 1 2 3
2 2 0 2
3 3 6 9
4 0 4 4
5 2 0 2
8 1 1 2
7 1 1 2
8 1 2 3
9 2 0 2

10 3 3 (¢}
16 19 35

decile is statistically significant and seems also to be biologically so. The
peak in the last decile is also significant statistically but probably is
not biologically. It is due mainly to Cenozojc high points of groups
still living, hence of indeterminate span. It is practically certain that
these peaks will not be in the last part of total span since the groups con-
cerned (e.g., Rodentia) are flourishing and give no signs of approach-
ing extinction. With allowance made for this factor, it scems probable
that very late high points, in the ninth or tenth deciles, are relatively
few.,

Tabulation of absolute times of high points after appearances of
the groups would be less significant for present purposes because of the
very great differences in duration and rates of evolution in the various
groups (vertebrates as a whole baving decidedly shorter durations and
faster rates than invertebrates). It is, however, of some interest that
high points for Stromer’s sclection of vertebrates range from 10 or 15
(Prosimij, Mystacoceti) to more than 250 (Selachii) and average about
55 million years after appearance of the group, while for invertebrates
the range is about 20 ( Protodonata) to perhaps 450 ( Foraminifera,
Pelecypoda, Gastropoda *) with a mean of about 180 million years.
At any rate, it is clear that considerable time elapses before a group of
much scope reaches a high point and that a high or the highest point
(not necessarily the first) may appear after a very long time.

13. Tlm;re is, however, little doubt that these Broups now at or near maxinum had
earlier high points as well, )
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Another point before now only touched on in passing, or obliqucly,
demands special comment. Tf time frcqucnc_y curves are plotted for the
same group in terms of dillerent tasxonomice levels, the peaks for higher
categories usually appear earlier than those for lower categories. This
is evident, for exaniple; in the data {or origination rales in aruatic verte-
brates in Figure 9 (Chapter 1), for mammals in Figure 29, and for
vertebrates as a whole in Table 22. Even when, using the coarse scale
of periods, peaks for different categories are in the same period, those
of higher categories are carlicr in the period as the data for mammals

show.
Ofthand, this fact suggoests that orders arise fivst, then families, then
genera, and so on, as Schindewolf has so often insisted.'™ Closer study

17 Schindewolf's theories are so [requently criticized here that it shonld he pointed
out that critical relerence to then is worth while just hecause Schindewolf is among
the few pulc(mlnlugisls (such men are few in any scicnee) who have really broad
grasp and subtle, theoretical mingds, He has paid more altention than most to the
really important theoretical problems of his science. 1is views are hased, as in {his
case, on real evidence and must he taken seriously. The points on which I disagree
naturally requirc more speceilic notice of his work than do those: on which 1 agrece.

On the present point, Schindewolf seems to mean quite literally that the higher
categories of a group arise as such helore the lower. Our disagrecment s not on-
tirely fundamental if this is laken as 2 manmer of speaking, a Droad and figurative
view of the net result rather than a deser cion of the process. This is the position of
Wright (1949a), with which 1 agrree in wials, Sehindewoll ( 19500) has (uoted
two sentences from this paper of Wright's as indicnting ameement with lis views,
The rest of that paper and, indeed, Wright's whole areal body of work show that
was docs mine with Sebindewolf, 1T point actually

bis agreement extends only as f;
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TaBLE 22

PEARS OF FREQUENCY OF APPEARANCE OF DIFFERENT TaxonNoMIc
CATECORIES IN TR Verrennare Crasses

Period Peak for orders Peak for familtes Peak for genera
Tertiary Mammalia {Mummah’n fMammalia
¢ o Osteichthyes 3 lOslcichthyes 3
Cretaceous Osteichthyes 3 R Chondrichthyes 2
Jurassic Chondrichthyes 2 Chondrichthyes 2 o
Triassic Osteichthyes 2 Osteichthyes 2 Osteichthyes 2

Permian Reptilia 1 Reptilia 1 Reptilia 1
Pennsylvanian L Amphibia Amphibia
{()sl(!i(:]xlllycs 1 {()s(('ichlhy(:s 1

Mississippian Amphibia Clmn(lrichlhycs 1 Clmndrivhlhyos 1

Osteichthyes 1

Devonian { C;(::(L]rllcl}{ t(;lsycs 1 Placodermi Placodermi
Placodermi

Silurian Aga::thearmx Agnatha Agnatha

shows quite clearly, I think, that this is a misleading statement as to the
processes actually involved. One reason why it is misleading is evident
il one considers the result of a single, isolable incident of adaptive
radiation such as that of, say, the Geospizidae on the Galapagos. It
would be true in a formal sense to say in this case that the family rose
before most of its gencera or species and before the generic peak which
in turn probably came before the specific peak. But in an example so
clear in most details down to the level of species (thanks largely to
Lack), this is obviously only a manner of speaking or even an artifact
of classification. Now that the adaptive radiation is complete, we recog-
nize the result as a family (or subfamily ). Looking backward from here,
we consider that the family arosc when its first spccies was dillerentiated.,
That specics probably diflered very little from its immediately ancestral
species (which is, however, unknown in this example without palcon-
tological support). The family did not arise as such but as a species.
The family resulted from the whole radiation, and its first species is
placed in it in retrospect. The peak for genera (4) obviously had to he

at issuc is whether an order, say, arises and develops by processes of selection acting
on ordinary mutations and in the basic form of speciation under special and neces-
sarily infrequent cireumstances (since orders are infrequent relative to species), or
whether it is the immediate result of one Jarge mutation without benefit of selection
or of speciation in any ordinary sense. In the paper cited and elsewhere, Wright has
been fully explicit in his opposition to the Jatter view.
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Iater than the appearance of the first species now placed in the family
and that for species (14) had to be later than the generic peak unless,
as is improbable, the two monolypic genera arose after speciation was
complete in the two polytypic ones.

In major episodes of prolifcration, such as those of the vertebrate
classes, analysis shows that adaptive radiation is clearly involved but
that we are not dealing with a single and isolable episode of radiation
corresponding with or leading to a single, short peak. There is, instead,
an extremely complex series of radiations all of which began basically
at the specific level but which in retrospeet had different final net results.
In fact it may be said that an episode of proliferation, no matter how
high the level, is simply exuberant speciation irregularly continnal over
along period plus a considerable amount of phyletic divergence among
the lincages thus arising. Farlier radiations eventually have more far-
reaching aspects not only from the simple fact that they are earlier
and that their lines therefore have time to diverge farther but also be-
cause it is these lines that start the occupation of a broad new adaptive
zone and that therefore have inherently more space for eventual diver-
genee. Reviewing the whole phenomenon in retrospect and putting it
into taxonomic form, we generidize by running the origins of larger
subzones, corresponding with higher categories, farther hack to carlier
radiations than those of smaller subzones. Tt does not follow and when
we have the crucial evidence it is found not to be a fact (as will be
exemplified and further discussed in Chapter XI) that what are taxo-
nomically the carlicst representatives of, say, an order were ordinally
distinct from their contemporaries in the sense of h;lving anything like
the degree of moiphological or adaptive distinction and (]isc(mlinuity
that we associate with the coneept of an order in considering the final
results of the process. H, indeed, we can trace the lines back to the
point where the actual biological splitting of one order from another
occurred (unfortunately an impossibility in most cases ), the distinction
existing when the fundamental disc(mﬁnuily actually arose is only
specific. There is, indeed, a genus in the carly Paleocene (Protogo-
nodon) some specics of which are by morphological definition members
of the Order Carnivora and others members of the Order Condylarthra,

With these relationships in inind, it is seen that the spread hotween,
for instance, ordinal and generie peaks for an episode of proliferation
in a class tends to reflect the length of time during which a complex

i
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sequence of adaptive radiation continued. The ordinal peak follows,
probably hy quite a long interval, the beginning of important adaptive
radiation in the originally relatively unified primitive representatives
of the dass. Other radiations then ocenr among the various lincs from
the earliest radiation, and yet others among the more and more numer-
ous lines as radiation continues. Separate radiations at the basic level,
as far as they can be separated, are quite irregularly distributed in time
and also among the lineages present, but the total resultant is increase
in number of species while the process continues. When it ends, what
is taxonomically the last peak, that for species, occurs. The ending of
the process in this scnse does not neeessarily mean that all adaptive
radiation ceases—this is not usually the case in a very large group, at
least—but that the over-all total begins to decline because extinction
has overtaken origination.

The total time involved in such a major episode is large. In the
vertebrate classes, the generic peaks occur 25 to 50 million years after
the corresponding ordinal peaks. Since significant radiation must begin
well before an ordinal peak and may not end until well after the
gencric peak, the whole of one of these episodes is indeed a grand
cvent occurring over a minimum span of about 30 million years and
perhaps in exceptional cases extending over 70 or more million years.
Certainly we have in such episodes some of the most truly major and
long-range elements of evolutionary bistory. Of course there are also
lesser episodes of proliferation, either as parts of major episodes or as
separate events, which rin over much shorter spans. A lower limit
cannot be fixed, but it scems unlikely that a minimal, single radiation,
recognizable as such, could normally occur in much less than a million
years. (Yet these are all “explosions™)

The weeding-out effect noted in discussion of adaptive radiation is
also evident in most episodes of proliferation and it begins long before
the cpisode has run its course. On a small scale it goes on all the
time, but it becomes evident on a large scale when the major subdivision,
e.g., that into orders in the Mammalia, has reached a peak. It naturally
affects first the results of the first radiation and so first becomes pre-
dominant over origination in the most rapidly and basically divergent
groups. In a large episode of proliferation, as opposcd to a single adap-
tive radiation, much of the weeding out is likely also to be by replace-
ment of early groups by groups evolved in later radiations within the

EVOLUTION OF ADAPTATION 241

episode as a whole and able to reenter older zones competitively. Re-
placement of condylarths by perissodictyls and artiodactyls or of
creodonts by fissipeds is of this sort. The result of these ellects is a
tendency for higher calegorics Lo decline in number while lower cate-
gories, by later radiations in the more adaptively successful, surviving
higher categories, are still increasing in frequency. This, too, is striking
in the Mammalia, with ordinal peak in the Eocene and generic in the
Pliocene.

When one group is replaced by another in a major adaptive zone it
frequcul‘ly, perhaps usually, ]ulpp(‘ns that hoth have episades of pro-
liferation overlapping in stuch a way that the earlier group is in the last
cxpanding phases of its episode while the replacing group is beginning
expansion. Thus in replacement of Agnatha by Placodermi and of
Placodermi by Chondrichthyes and Osteichthyes, jointly, the ordinal
peak for replacing groups coincides approximatcly with the generic peak
of the group later replaced.

The last topic to be considered in this chapter is the theory, or rather
the various theorics, that involve correlated geological and biological
cycles. One such theory, formerly widely held and still oceasionally ad-
vanced, c.g., by Umbgrove (1942), is that there are recurrent cycles
of world-wide mountain building cach of which is accompanied or
immediately followed by a major evolutionary outburst or “explosive”
evolution on a large seale. However, cven if the tectonic cycles are
taken as given, there is no real correlation with major episades of pro-
liferation, as Umbgrove’s own data show (scc Simpson, 1919h). Tn-
deed it scems rather pointless 1o Jook for a correlation when it becomes
clear that such episodes of proliferation do not ocenr with sharp defini-
tion in time but have phases extending over as much as 50 million
years or more, a figure of the same order as the average length of in-
tervals between the supposed major tectonic episodes. It has also been
assumed that the origins of major groups or the beginnings of episodes
of proliferation might correlate with the tectonic episodes, but there
seems to be no rcliable cvidence of this, cither. As if Lo pnt the last nail
in the coffin of this now apparently moribund group of theories, there
is a growing belief among geologists (e.g., Gilluly, 1949) that the geo-
logical part of the theories was wrong, anyhow, and that the postulated
tectonic phases did not occur, that is, that such phases are not really
either regularly cyclic or world-wide. The least one can say is that
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the regularities and simple relationships demanded by the theories in
question are unproven and very improbable on present evidence, but
this does not quite close the subject.

There have been rather definite times in carth history when an un-
usual amount of evolutionary movement of one sort or another was going
on in so many groups that pure coincidence seems almost out of the
question and in such a varicty of organisms that inherent evolutionary
similarities in them as opposed to some broad environmental change
also seem alimost ruled out. For the vertebrates such episodes clearly
occurred three times:

1. Devonian, Rapid turnover from earlier to later major groups of
aquatic vertebrates with extremely high extinction rates for the former
and high—catogory origination rates for the latter. Origin of Amphibia.

2. Permian to Triassic, Rapid turnover among both aquatic (es-
pecially Osteichthyes) and terrestrial (especially Reptilia) vertebrates
with high extinction rates in the Permian or hoth Permian and Triassic
for some groups, and high origination rates in the Triassic.

3. Cretaceous to Tcr(iury. Some c]l:lng(t among aquatic vertehrates
(perhaps not of crisis proportions near the era boundary ). Very high
turnover among terrestrial vertchrates,

Schindewolf (1950b) has made a similar list based on “turning
points” (which are in general climaxes of what I have called “turnover”
above) in a wider variety of organisms, including the vertebrate classes
and also fourteen major groups of invertchrates and the plants as a
whole. Three of his times of general (?V()]ll”()!l:ll‘y intensity are the same
as those listed above for vertebrates alone. (He puts the first between
Devonian and Mississippian rather than in the Devonian, but the dating
is not sharp enough to give such a dilference any importance.) He also
lists two more:

a. Cambrian to Ordovician, Rapid turnover of marine invertebrates.

b. Triassic to Jurassic. Again considerable turnover of marine in-
vertebrates and some of the vertebrates, but in both cases this scems
less profound than the Permian-Triassic turnover,

Unquestimmbly still another major episode of this sort should be
listed: the pre-Cambrian-Cambrian change.

For these crucial evolutionary times Schindewolf shows that, like
major episodes of proliferation, they do not correlate with supposedly
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world-wide physical events as listed by Umbgrove and other geolo-
gists.

The wrong correlations have been sought and the situation is not as
simple as was formerly believed, or perhaps hoped. The outstanding
periods of fairly general cvolutionary crisis are episodic and not cyclic
and are not especially connected with mountain-building. Nevertheless
it does seem likely that physical events influenced and helped to deter-
minc the times of these crises although they may not have been primary
causes. What the record strongly sugaests is that these crises followed
periods of widespread hard times, that is, of dctoriomting conditions
in many established adaptive zones. They must almost certainly be
imputed to changing environments in the broadest sensc of that word.
The chan ges involved may not have been, indeed, probably were not, the
same in all crises or for all organisins concerned in one erisis. Precisely
what the changes were cannot now he clearly specified in any case.
Stn(]y ()fpust cnvironments, in the full sense of the word and on a hroad
scale, is one of the most diflicalt and one of the least advanced subjects
in p:ll(funl()l()gy and geology :lllh()ugh progress is being made, In the
meantime, hints and paossibilitics are not lacking. Yor instance. the
Permian-Triassic and the Crctace()us-Tcrtiary crises do coincide (as
nearly as such very long episodes can coincide) with exceptionally
great land emergence and, in the case of the carlicr, with consideralyle
evidence of abnormal climates. (Abnormal climate is also frequently
claimed around the time of the Crctn(:(‘,ous—'l‘nrli;lry crisis, but the con-
crete evidence is still very unconvineing. )

Given the way adaptation evolves, it is probable that most or all of
the turnovers that occurred in these erises would have occurred sooner
or later in any case. Their tcndcncy to group together suggests that
their occurring just when they did was influenced by widespread en-
vironmental factors, quite possibly physical in part, at least.

To avoid any misunderstanding it may be well to restate the obvious
fact that the physical environment and the history of the carth have
certainly and strongly influenced the hislm‘y of life. The influence is
always there, as so much of the history of life is the evolution of adapta-
tion and physical environment is always an important factor in adapta-
tion. Sometimes the influcnce of geologic history is quite obvious, for
instance in the shifting relzltionships of land and sea connections, Often
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its influence is inferred but the exact bearing is obscure. As of now, it
does not secm to be true that thythms or cycles of the earth are simply
and directly reflected in cycles of evolution. It does still seem probable
that episodic earth changes have had an effect on the timing, at least,
of episodic crises in evolution.




