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The soldier fish (Holocentrus rubrum), a species from Indo-

Pacific Oceans that colonized the Mediterranean Sea after

construction of the Suez Canal was completed in 1869. (Illus-

tration by Stephen Price)

8.2 Adaptive Radiation

and Progressive

Occupation

8.2 Generalizations

8.3 Examples of

Radiations from the

Fossil Record

8.4 Are Radiations

Predictable?

8.5 Types of Adaptive

Radiation

8.6 Beyond the Adaptive

Model of Radiation

8.7 Sources of Radiation

in Dominant Groups

Summary

159



B	 C D

2 3 4 5	 7	 8910
• •

A

1• 2

B

345	 6
•

C

7

D

8
•	 \07

Adaptive
zones

910	 Ecological
niches

A

1

}
Time of	 Time of
radiation	 occupation

160 ADAPTIVE RADIATION

8.i ADAPTIVE RADIATION AND
PROGRESSIVE OCCUPATION

Mayr (1963, 663) defined adaptive radiation as "evo-
lutionary divergence of members of a single phyletic
line into a series of rather different niches or adaptive
zones." An adaptive zone is simply a set of similar
ecological niches (Futuyma 1986). Earlier, Simpson
1953, 223) had made an admittedly vague distinction
between adaptive radiation and progressive occu-
pation:

So far as adaptive radiation can be distinguished from
progressive occupation of numerous [adaptive]
zones, a phenomenon with which it intergrades, the
distinction is that adaptive radiation strictly speaking
refers to more or less simultaneous divergence of
numerous lines all from much the same ancestral
adaptive type in different, also diverging adaptive
zones [Figure 8-1]. 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. Theo-
retically, at least, the whole of the diversity of life is

explicable by these two not sharply distinct processes
plus the factor of geographic isolation which may
permit essential duplication of adaptive types by dif-
ferent organisms in different regions.

Therefore, after speciation, the processes of adaptive
radiation and progressive occupation are fundamen-
tal to our understanding of the increase in organismal
diversity and are central to our knowledge of the
mechanisms resulting in the richness of life on earth.

Simpson was right in asserting that adaptive radi-
ation and progressive occupation are not clearly dis-
tinct processes. In fact, they result largely from scien-
tists' attempts to pigeonhole parts of nature's
continuum of change. On what scale do we measure
"more or less simultaneous divergence"? Does pro-
gressive occupation in real time come to look like
adaptive radiation when we collapse the record into
geological strata? Questions of rapid or slow rates
of change are always debated (as Chapter 18 will
discuss). In this chapter, then, while we concentrate
on the more celebrated cases of adaptive radiation,
keep in mind that similar processes on the continuum
from adaptive radiation to progressive occupation
have resulted in the rich species assemblages around

FIGURE 8-1.

The concepts of adaptive radiation and progressive occupation, representing the extremes of a continuum of patterns
occurring in nature. Both processes can result in the same ultimate diversity—in this example, ten species in five adaptive
zones—but in adaptive radiation from a recent common ancestor, evolution into these zones is rapid, whereas in progressive
occupation with common ancestors much more distant in the phylogeny, evolution into the zones is gradual. Adaptive
zones may represent major differences in food resources, such as nectar, seeds, fruits, and insects for birds. The ecological
niches occupied by single species may subdivide an adaptive zone on the basis of food size (such as large, medium, or
small seeds), accessibility (such as insects under bark, on leaves, or flying), food location (such as seeds on plants versus
seeds on the ground), or combinations of these.

ADAPTIVE RADIATION PROGRESSIVE OCCUPATION
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this globe. In addition, although studies of archipela-
goes have dominated the literature on adaptive radia-
tion, much more diversification of life has occurred
on mainlands and continental shelves, albeit with

some habitats distributed in island-like patches.

8.2 GENERALIZATIONS

By 1963 Mayr could present a general consensus on
aspects of adaptive radiation:

1. A shift into a new ecological niche is most likely
at the edge of the species range because of the
increased chances of genetic reconstruction in pe-
ripheral populations. Also, in these suboptimal
habitats, a shift in ecology may match the needs
of new genotypes better than those of old ones.

2. Lack of competitors facilitates adaptive radiation.
A population finds it difficult or impossible to en-
ter a new niche if that niche is already occupied

by another species. Even on continents and in seas,
however, there is evidence of vacant niches in rich
biotas. The impressive success of transfers of ani-
mals and plants affirms this point (Elton 1958,
Drake et al. 1989). The destruction of faunal barri-
ers also indicates the presence of empty niches.
After the Suez Canal was opened in 1869, Red
Sea fish species colonized the Mediterranean, and
some became abundant—presumably filling va-
cant niches, because decreases in abundance of
Mediterranean species were not evident. No Medi-
terranean fish colonized the Red Sea (Kosswig
1950). By 1971, the number of fish species along
the Mediterranean coast of Israel that were derived
from Red Sea species had increased to 30, or 10.6
percent of the fauna (Ben-Tuvia 1971) (Figure 8-2).
For radiations to be extensive, then, it appears that
not only must empty niches be available, but exten-
sive sets of adaptive zones must be free for coloni-
zation.

FIGURE 8-2

Some fish species that have invaded the Mediterranean Sea from the Red Sea via the Suez Canal, listed in Ben-Tuvia
(1971): Hemirhamphus far (top left), Tylosurus choram (top right), Siganus rivulatus (bottom right), Holocentrus rubrum
(bottom left), and Epinephelus tauvina (background center). What has made these species successful colonizers? Did they
occupy vacant niches in the Mediterranean? If so, why did Mediterranean groups not radiate into these niches before the
Suez Canal was opened? Is competition really an important force preventing radiation, if so, how many vacant niches
persist in communities? (Illustration by Stephen Price)
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3. Islands provide many empty niches, but conti-
nents provide few. Empty niches are particularly
numerous on islands with much habitat heteroge-
neity. The Hawaiian honeycreepers (Drepanidi-
dae) were early colonists of the Hawaiian Islands
and evolved into rather varied adaptive zones that
on the mainland would typically have been occu-
pied by finches, honey-eaters, creepers, and wood-
peckers (Amadon 1950). Later colonists such as
thrushes, flycatchers, and honey-eaters did not ra-
diate to the same extent even though they were
preadapted for exploiting ecological niches occu-
pied by drepaniids—presumably because of com-
petitive exclusion in evolutionary time. Mayr
noted that insects on the Hawaiian Islands have
patterns similar to those of the drepaniids (Zim-
merman 1948), as do Darwin's finches on the Gala-
pagos Islands (Lack 1947).

4. Predators may prevent radiation; specifically, they
may prevent colonization of empty niches by mal-
adapted colonists. The frequency of successful
shifts into radically new niches on oceanic archi-
pelagoes (such as the Galapagos and the Hawaiian
Islands) in the absence of predators supports this
generalization.

5. The occupation of a new adaptive zone, which
Mayr (1963, 617) considered to be a "break-
through," is followed by two events. (A) The rate
of evolution and speciation increases radically, and
a period of adaptive radiation, which in retrospect
appears to be synchronous, ensues. (B) Some major
types develop, many minor evolutionary path-
ways are exploited. Examples of event A include
the evolution of bats (Chiroptera) in the Paleocene,
but the first fossils were basically modern-style
bats. Also, the lungfishes in the middle and late
Devonian evolved more than twice as much in
about 30 million years as they did in the following
250 million years (Westoll 1949) (Figure 8-3).
About 75 percent of new characteristics in the lung-
fishes had been expressed by the end of the Dev-
onian, and only about 20 percent of new character-
istics have evolved in the last 250 million years.
Tertiary birds are all of modern lineages, and so
most of their radiation must have taken place in
the late Jurassic to early Cretaceous.

6. Speciation and opportunities for adaptive radia-
tion define the size of taxonomic categories.

If a group speciates actively.. , without much adap-
tive radiation, it will have many species per genus.
If a group radiates actively . . . without much specia-

tion, it will develop many monotypic genera and even

families. The independence of these two processes is

the main reason for the so-called "hollow curve" of

taxonomists. (Mayr 1963, 619)

FIGURE 8 - 3

The rate of change in characteristics of lungfishes, and the
rate of change in genera from the early Devonian to the
present. Note the rapid origination and extinction of new
genera (bars indicate the time ranges of main genera) that
accompanied the rapid acquisition of new characteristics
(sigmoid curve) from 300 to 280 million years ago, followed
by 250 million years of long-lived genera and the develop-
ment of relatively few new characteristics. (After Westoll 1949)
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If Mayr's analysis is correct, then perhaps we can
glimpse the relative contributions of adaptive radi-
ation and progressive occupation. At the left of

the hollow curve, much diversification may result

from progressive occupation, whereas much of the
taxonomic diversity in the right-hand tail of the
distribution may be a consequence of adaptive ra-
diation (Figure 8-4). Alternatively, patterns in lin-
eage diversification, if assumed to be generated by
chance events of speciation and extinction, would
yield similar ranges of taxon size (see Chapter 11,
Sections 11.1 and 11.2).

8.3 EXAMPLES OF RADIATIONS FROM

THE FOSSIL RECORD

Ammonite Phylogeny and Radiation

The empirical data from the fossil record certainly
support the patterns Mayr (1963) recognized, but
whether the mechanisms are essentially correct is
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FIGURE 8 - 4

The commonly observed hollow curve of distribution of lower taxa in a higher taxon. Note that the concave, or hollow,
distribution always results from high taxon riches in a small number of the largest groups followed by a rapid decline
to more numerous taxa with low taxonomic richness. These examples illustrate the number of species per phylum with

the kingdom Animalia (top left), in which the arthropods are the largest taxon; the number of familes per order within
the fishes (bottom left), in which the perches predominate; the number of species per family within the Monocotyledonae
(top right), with orchids as the largest group; and the number of families per suborder within the Australian beetles
(bottom right), in which the Polyphaga is the largest group. The organism depicted in each distribution is a member
of the largest taxon in the higher taxonomic unit. (From Dial and Marzluff 1989)

a

UNIT (PHYLUM) UNIT (FAMILY)

b d

UNIT (SUBORDER)

open to some debate. Let us explore ammonite phy-
logeny and radiation (Lehmann 1981) as an example.
The ammonites were a group of extremely numerous
shelled cephalopod molluscs; Chapter 9 discusses
their extinctions. Ammonite shells have fossilized
well, leaving a rich record of adaptive radiation and,
eventually, complete extinction. The class Cephalo-
pods is divided into two infraclasses, Ectocochlia and
Endocochlia. The subclasses within the Ectocochlia
include the following:

Orders:
(a) Anarcestida
(b) Clymeniida
(c) Goniatitida

(d) Prolecantida
(e) Ceratitida

(f) Phylloceratida
(g) Lytoceritida
(h) Ammonitida
(i) Ancyloceratida

"Goniatites"
"Palaeoammonoidea"

"Ceratites"
"Mesoammonoidea"

"Ammonites"
"Neoammonoidea"

Subclasses:	
The phylogeny of Ammonoidea shows that, dur-

1. Nautiloidea
	 ing each radiation after a major extinction episode, it

2. Endoceratoidea	 was often a new order that radiated from a rather
3. Actinoceratoidea	 small, unimpressive representation of species in an
4. Bactritoidea	 earlier period (Figure 8-5). In the Devonian, the Goni-
5. Ammonoidea	 atitida radiated extensively while the Prolecanitida
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FIGURE 8 - 5

Adaptive radiation of ammonites, show-
ing successive radiation events from rather
unimpressive lineages. The thickness of
the line indicates the relative richness of
taxa in each lineage through time. Note,
for example, that the Goniatitida was the
richest taxon in the Devonian, but the com-
paratively poor relatives in the Prolecanit-

ida provided the stock for major radiations
in the Jurassic. (After Lehmann 1981 and
Moore 1957)

remained a relatively small group. At the end of the
Permian, it was the Prolecanitida that radiated while
the Goniatitida went extinct. Then the Ceratitida radi-
ated in the Triassic but went extinct, and another
lineage underwent a massive and rapid radiation in
the early Jurassic to produce the four orders of the
Neoammonoidea.

One might easily infer from this pattern that the
radiation of one group precludes the radiation of an-
other, just as Mayr explained. Competitive interac-
tions set a carrying capacity on taxa and limit radia-
tions to a small subset of their potential expansions.
But this argument is hard to reconcile with the pattern
of abundance of ammonoid genera from the Dev-
onian to the Cretaceous (Figure 8-6). There is no sign
of any equilibrium number of genera being reached,
and about 60-plus genera were extant for continuous
periods of millions of years. Thus, the following ques-
tions arise. (1) Why did no new radiations occur in
the Carboniferous when 30 or fewer genera were
present? (2) If 100 genera can be supported for periods
of time, why did only one taxon, the Ammonitida,

radiate extensively in the early Jurassic, when fewer

than ten genera survived the Triassic–Jurassic extinc-

tions? (3) How could the Ammonitida suppress radia-
tion of other groups when diversity of genera was
below 100 for most of the Jurassic and yet 140 to 160
genera coexisted at other times? (4) How could new
genera reach a peak of almost 160 in the Albian, just
when continuous genera were at their maximum of
about 35? If one considers only the ammonoids, the
evidence for some kind of carrying capacity for gen-
era is not impressive. The record for the ammonoids
appears to exhibit a strongly stochastic element in-
volved with radiation and extinction events. Alterna-
tively, we must consider the role of other taxa in
competition for habitat and resources, the role of ex-
tinction of other groups (Chapter 9), the nature of
survival through extinction episodes (Chapter 10),
and insights about chance or stochastic events in the
fossil record gleaned from models (Chapter 11).

Other patterns in the ammonites agree with

Mayr's generalizations.

1. At any one time, a small number of large taxo-
nomic groupings and a large group of smaller taxa
are producing the hollow-curve distribution of

taxa (Figure 8-5).
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FIGURE 8 - 6

The number of genera of ammonoids through the fossil record. Note that all extant ammonites went extinct at the end
of the Cretaceous. Hatching indicates continuous genera, and the more erratic stippling represents the record of new

genera. (From Lehmann 1981 and Moore 1957)
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2. Adaptive radiation was rapid after an extinction
episode, as seen in the heteromorph ammonites
after the Jurassic–Cretaceous and Albian extinc-
tions (Figure 8-7).

3. The opportunities for radiation coincided with the
availability of vast new expanses of continental
shelf for colonization.

Wiedmann (1973) argued that, as sea level rose and
fell, up onto and then off continental shelves, the taxa
of ammonites also waxed and waned (Figure 8-8).
Deep-water species with smooth shells were largely
responsible for maintaining the continuity of the am-
monites. When continental shelves became available
again, during transgression of seas, species radiated
from the deep-basin forms, became progressively
more ribbed, and went extinct during the next regres-
sion of seas.

Echinoid Radiation

Other taxa exhibit patterns similar to those of the
ammonites, with large radiations from a single lin-
eage and usually with no obvious superiority over

other lineages, which either remain small or go ex-
tinct. For example, the echinoids (including sea ur-

chins and sand dollars) originated in the Ordovician
and underwent a small radiation through the Silurian
and Devonian, but all except one lineage went extinct
by the end of the Permian (Smith 1984) (Figure 8-9).
The major echinoid groups radiated rapidly in the
Triassic and early Jurassic and have largely persisted
into the present with no further radiation equivalent
in magnitude to the Triassic–Jurassic radiation. In the
echinoids there is an apparent plateau in the number
of species per million years; about 900 species are
extant (Smith 1984). In total, there have been 124 Pa-
leozoic species, 3,672 Mesozoic species, and 3,250 Ce-
nozoic species. It is interesting to note the relative
stability of the echinoids after the Jurassic in contrast
with the wide fluctuations of the ammonoids (Figure
8-10).

Radiation of Brachiopods and Foraminiferans

The brachiopods, or "lampshells" (like early Roman
oil lamps), also exhibit patterns of one lineage radiat-
ing while others are almost static (e.g., early Devonian
mutationellinid brachiopods; Boucot 1975). Foramini-

ferans are protozoans, related to the amebas, that
secrete a shell-like calcareous test. They have left a
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FIGURE 8 -7

Rapid adaptive radiation of heteromorph ammonites (those with unconventional coiling) after the extensive extinctions

around the Jurassic–Cretaceous boundary. (From Lehmann 1981 and Wiedmann 1969)

very rich fossil record of tests, usually made of cal-
cium carbonate. In the Foraminifera, two genera, Glo-
bigerina and Globorotalia, radiated rapidly into several
subgenera in the Late Oligocene and Early Miocene
while others, such as Cassigerinella and Globoquadrina
(Figure 8-11), did not radiate at all (Kennett and Srini-
vasan 1983). The fossil record of these groups rein-
forces the perception that survival through episodes
of extinction and subsequent radiation contain a
strong element of either chance or as-yet-undetected
governing forces.

8.4 ARE RADIATIONS PREDICTABLE?

Gould (1986) broached the question of whether there
is anything predictable in the kinds of taxa that radi-
ate and the kinds that do not. If we rewound the tape
of life and played it again, would the results be the

same? If they were, we would deduce a strongly de-

terministic evolutionary sequence and would find
ourselves in our present shape once again. But what
if the replay produced a totally different assemblage?
From this result we could assume one of two alterna-
tives to determinism: (1) chaotic evolutionary se-
quences or lineages, i.e., a random series of radiations
and extinctions, or (2) evolutionary sequences that are
unpredictable but, in retrospect, rational. Alternative
pathways to dominant groups were not clearly infe-
rior to the lineages that radiated. Life could have
evolved, at any phase in adaptive radiation, in several
alternative directions.

The Burgess Shale Fauna:
Wiwaxiids and Clams

Gould used three scenarios to support the last-men-
tioned possibility: unpredictable results with rational
explanations. During the great Cambrian explosion
of early metazoans more than 500 million years ago,



ARE RADIATIONS PREDICTABLE?	 167

FIGURE 8-8

The movement of seas over continental shelves (transgressions) and the corresponding adaptive radiation of ammonites
derived from long-lived deep-basin species, followed by lowering of sea levels, regression of seas off the continental
shelves, and extinction of all but the deep-basin species. In each phase of radiation, the newly available shelf must be
similar to a remote archipelago on which many vacant niches are available to new colonists. Shading indicates the marine

environment that is continuous in the deep basins but increasingly interrupted from the outer to the inner continental

shelf. (From Wiedmann 1973)
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some extraordinary creatures were present that
ended up preserved in the Burgess Shale (Whitting-
ton 1985). Wiwaxia was a genus of worm-like orga-
nisms covered with plates, or sclerites, and two rows
of spines (Figure 8-12) (Conway Morris 1985, Gould
1985, 1989). Opabinia had five large, stalked eyes and,
extending beyond them, a highly mobile tube fringed
at its end by vicious teeth (Figure 8-12). To modern
eyes, Hallucigenia is a strange misfit; at first sight it
seems to have walked on seven pairs of spines and
had tentacles on its upper surface; but perhaps it
stood the other way up (Figure 8-12) (see also Briggs

and Whittington 1985)? (Such might be the hallucina-

tion of a tired paleontologist sifting through piles of

rock.) Further examination of these fossils indicates
locomotory function of the paired "tentacles" and
presumably a defensive role for the spines, as de-
picted in Figure 8-12 (RamskOld and Xianguang 1991,
RamskOld 1992). These authors have proposed a pos-
sible affinity with the onychophorans.

Some taxa present in the Cambrian are readily
linked to modern forms, such as the clams and snails.
However, whereas wiwaxiids may have had six gen-
era in the Cambrian, there were only two genera of
small clams. Therefore, had we been able to observe
the Burgess community and predict the future radia-
tions of animals, we would almost certainly have

expected wiwaxiids to radiate and clams to remain
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The pattern of echinoid radiations and extinctions. (From Smith 1984)
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FIGURE 8 - o

The number of species of echinoids per million years. (From Smith 1984)
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depauperate in species or go extinct. Quite the reverse
took place, for clams underwent a major radiation
(although very much later, in the Triassic), and the
wiwaxiids went extinct without leaving evidence for
a rational explanation.

The Burgess Shale Fauna:
Priapulids and Polychaetes

Gould's second scenario concerning Burgess Shale
organisms compares the polychaete worms and the
priapulids, or "little penis worms." In the Burgess
fauna the two were equally represented in number
of genera, but the priapulids were abundant and the
polychaetes were rare (Table 8-1). And yet it was the

polychaetes that radiated spectacularly, while pria-

pulids became a very insignificant component of any
fauna. No convincing reason for this turn of events
is available.

Predaceous Birds or Mammals?

The third scenario suggests even more convincingly
that, at any time of radiation, alternative pathways
are equally viable, at least for a few million years.
When the large carnivorous dinosaurs died out in the
Cretaceous, there was clearly room for a radiation of
large carnivores from a lineage that had survived the
Cretaceous–Tertiary extinctions. Four different taxa
radiated, two in the north and two in the south. In
the north, the canids and felids radiated, as well as
huge predaceous birds represented by Diatryma gi-

gantea, found in Wyoming Eocene deposits (Figure
8-13).

The appearance of this great bird at a time when

mammals were, for the most part, of very small size

(the contemporary horse was the size of a fox terrier)
suggests some interesting possibilities—which never
materialized. The great reptiles had died off, and
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FIGURE 8 -u

Planktonic foraminiferans in groups that radiated and
groups that did not radiate in the late Oligocene and early
Miocene. Why did some genera radiate while others re-
mained narrow phylogenetic lineages? (From Kennett and Srin-
ivasan 1983)
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the surface of the earth was open for conquest. As
possible successors there were the mammals and the
birds. The former succeeded in the conquest, but the
appearance of such a form as Diatryma shows that
the birds were, at the beginning, rivals of the mam-
mals. (Romer 1945, 270-271)

Gould points out that the "tape" ran again in
isolation in South America, and in this case the giant
ground birds, or phororhacids, probably did domi-
nate for a while (Figure 8-14). There the potential
mammal contenders were marsupials—the borhyae-
nids. Simpson (1980, 147, 150) explains:

It has sometimes been said that these and other
flightless South American birds . . . survived because
there were long no placental carnivores on that conti-
nent. That speculation is far from convincing. Rheas
still survive although there have been placental carni-
vores in their communities for at least 2 million years.
Most of the phororhacids became extinct before, only
a straggler or two after, placental carnivores reached
South America. Many of the borhyaenids that lived
among these birds for many millions of years were
highly predaceous. . . . The phororhacids . . . were
more likely to kill than to be killed by mammals.

Conway Morris, Simpson, and Gould make a con-
vincing case that the radiation of groups is largely
unpredictable. Perhaps the best we can do is to pre-
dict that, when a large adaptive zone becomes avail-
able, some taxon or other will radiate into it.

8.5 TYPES OF ADAPTIVE RADIATION

Despite the case for unpredictability, some general
patterns have emerged in the mechanisms involved
with adaptive radiation. If we define an adaptive
zone as "a set of ecological niches that may be occu-
pied by a guild of organisms" and a guild as "a group
of species that exploits the same resources in a similar
manner" (Root 1967), we can identify the following
types of adaptive radiation.

Type 1: General Adaptation

A new general adaptation opens up new adaptive
zones. One example is the evolution of flight in birds,
which opened up possibilities for utilization of prey
in the air; colonization of islands, cliff faces, and tall
trees; and extensive migration. The result has been
about 8,600 extant species. Bats have radiated to about
900 extant species.

Another possible example is the bark lice (Pso-
coptera), which colonized birds, became parasitic
(Mallophaga), and radiated across bird species and
into different microhabitats on the bird's body, with
some 1,500 species of bird lice (Philopteridae) now
described (Price 1980). In a similar way, agromyzid
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TABLE 8- i Change in relative abundance of little penis worms (priapulids) and

polychaete worms

Priapulids	 Polychaetes

Burgess fauna
	

6 genera
	

6 genera

Abundance in Burgess
	

Very abundant
	

Much rarer

Present world fauna
	

9 species
	

87 families, 1,000 genera, 8,000
species

Habitats	 Live in unusually	 Sea floor, brackish and fresh water,
harsh environments	 and moist soil in terrestrial habitats

FIGURE 8-12

Some of the strange organisms from 500 to 600 million years ago found in the Burgess Shale. Some animals do not fit
any currently recognized phyla: Hallucigenia sparsa (bottom left), Opabinia regalis (center), and Wiwaxia corrugata (top
center). Aysheaia (left center, on sponge), Sidneyia (right middle ground), and Leanchoilia (top right) are arthropods of
unknown affinity. Pirania (bottom center) and Vauxia (top center, two species) belong in the phylum Porifera. Ottoia
(bottom right) is a priapulid worm. (Wiwaxia from Conway Morris 1985; other species from Whittington 1985) (Illustration by Tad Theimer)
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FIGURE 8-13

A reconstruction of Diatryma

based on skeletons found in

North America. This bird
reached up to 9 feet in height
and lived in Eocene grass-
lands. It is pictured chasing an
oreodont artiodactyl, whose
short legs were hardly a match
for the great bird's speed.

(Based on S pinar 1972) (Illustration

by Tad Theimer)

FIGURE 8-14

The large predaceous bird Phororhacos as it may

have looked during the Tertiary in South America.

(Based on Spinar 1972) (Illustration by Stephen Price)
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flies acquired the general adaptation of mining and
feeding in the leaf tissue of angiosperms. They radi-
ated across plant species and into different plant parts
such as leaves, seeds, and stems—the adaptive zones
that guilds of flies may occupy.

These examples represent major radiations on
continents.

Type 2: Environmental Change

Environmental change opens new adaptive zones.
The ammonites should fulfill this principle, for they
radiate as newly flooded continental shelves opened
up new habitats. Likewise, as the savannas opened
and developed with climatic drying, the ruminants
radiated. As the climate in South America became
wetter, tropical forests spread from small refugia, or
expanded extensively from centers of distribution,
and many plant and animal species radiated.

Type 3: Archipelagoes

We may regard remote, geographically isolated lo-
cales with heterogeneity as archipelagoes, whether
they are oceanic island groups or habitat islands, such
as mountaintops in a sea of desert or rock patches in
a large freshwater lake. On an archipelago, adaptive
zones remain open in places remote from potential
colonists, and the first colonists radiate. This type of
adaptive radiation encompasses the classic cases that
have received the most attention: the honeycreepers
on the Hawaiian Islands (Amadon 1947, 1950) (Figure
8-15); Darwin's finches on the Galapagos Islands
(Lack 1947); and the genus Drosophila (Carson et al.
1970, Ringo 1977, Templeton 1979), the beetles (Zim-
merman 1948), and the silverswords (Carlquist 1974,
Carr and Kyhos 1986, Carr et al. 1989) on the Hawai-
ian Islands.

Hawaiian Honeycreepers

Amadon (1950) emphasized the following processes
in the radiation of the honeycreepers.

1. Quantum evolution or rapid divergent evolution
2. Isolated biotas with many families absent
3. Plentiful empty ecological niches
4. Absence of competing species outside the radiat-

ing taxa
5. Importance of environmental heterogeneity: "The

Drepaniidae could not have evolved on the bleak
Aleutian Islands" (241)

6. Depauperate predators and parasites that do not
"inhibit adaptive radiation by eliminating variant
individuals" (241)

7. Importance of competition between radiating spe-
cies and the resultant character displacement: "On

the islands where but one species of this group
(Loxops virens) occurs, it has generalized feeding
habits. On Kauai where two species are present as
a result of a double invasion, they have, so to
speak, divided the ecological niche of the parental
species between them (and extended it)" (246). Lox-
ops virens stejnegeri feeds on insects beneath bark
while Loxops parva forages on leaves and shallow
flowers. "Thus divergence and incipient special-
ization have resulted from competition between
two similar species" (246).

Lack's (1947) scenario for Darwin's finches was essen-
tially the same.

Many habitat archipelagoes occur on continents;
these include mountaintops (Brown 1971, Vuilleu-
mier 1970), caves (Vuilleumier 1973, Culver 1982),
refuges of vegetation such as tropical forest in
Amazonia during the Pleistocene (Prance 1981), and
patchy distributions of hosts for parasitic species
(Price 1980). Continental archipelagoes have re-
ceived less attention than oceanic archipelagoes in
considerations of adaptive radiation even though
they are the sites of much more diversification
of species.

Hawaiian Silverswords

Relatively recent study of the plant group known as
the Hawaiian silverswords suggests a complex array
of interacting factors in the process of adaptive radia-
tion. The original tarweed progenitor from North
America colonized Kauai less than 6 million years
ago, and adaptive radiation has resulted in 28 species
in three genera: Argyroxiphium, Dubautia, and
Wilkesia. Radiation has occurred particularly in
growth form and habitat exploitation. The group in-
cludes cushion plants, rosette shrubs, mat-forming
woody plants, erect shrubs, trees, and lianas. Species
occur in almost all habitats on the Hawaiian Islands,
from sea level to 3,750 meters, and occupy places
with less than 400 millimeters (about 16 inches) of
rainfall per year as well as some of the wettest places
in terrestrial environments on earth, with 12,300 milli-
meters (about 500 inches) of rainfall (Carr et al. 1989).
Figure 8-16 illustrates the diversity of leaf forms
among the 28 species and one of the most spectacu-
lar species.

The mechanisms involved with adaptive radia-
tion in the silverswords probably include interactions
among the following factors (Can et al. 1989).

1. Great diversity of habitats existed within the is-
lands, with close local heterogeneity, as Amadon
emphasized.

2. Allopatry and ecological isolation occurred be-
tween and within islands.
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FIGURE 8-15

Adaptive radiation of the Ha-

waiian honeycreepers in the
family Drepanididae, exhib-
iting great diversification in
beak morphology and feeding
habits. (From Lewin 1982) (Illustra-

tion by Tad Theimer)

L. vixens

3. Reciprocal chromosomal translocations produced
reproductive isolation.

4. Major adaptive shifts occurred when long-distance
dispersal between islands resulted in founder ef-
fects.

5. Novel physiological traits enabled radiation into
new habitats; for example, an aneuploid with 13
pairs of chromosomes instead of the ancestral 14
extended the silversword lineage into much drier
sites, although the detailed mechanisms are not
understood.

6. Self-incompatibility, outcrossing, and hybrid-
ization between genotypes adapted to different

conditions may have accelerated the radiation

process.

7. Volcanic activity repeatedly opened new areas for
colonization by_ novel hybrids.

Using Carson's (1983, 1984) overviews on Drosophila,
Carr et al. (1989) noted the similarities between the
adaptive radiation of the silverswords and that of the
picture-winged Drosophila. The founding events on
new islands in the two lineages were similar; great
diversity of form has ensued during radiation in both
cases; many habitats have been colonized; both
groups are obligate outcrossers; and chromosomal
evolution has been extensive.

The silverswords "appear to be the most spectac-
ular example of adaptive radiation in the plant king-
dom" (Carr et al. 1989, 95). The exciting prospect is
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FIGURE 8 -i6

Above: An example of Haleakala, (Argyroxiphium sandwi-

cense), one of the most striking silverswords, growing on
volcanic ash, with an immature plant on the right and a
plant in flower on the left (Illustration by Tad Theimer). Be-
low: Leaf silhouettes of the 28 species of Hawaiian sil-
verswords all at a scale of x.25, showing the diversity of
leaf shape in this radiation. (From Carr et al. 1989)

that, with the help of broadly ranging studies focused
on variation (in form, morphology, and anatomy),
floral morphology and breeding systems, cytogenet-
ics and hybridization, enzyme polymorphism, and
adaptive physiology, we will probably come to un-
derstand in much greater detail the complexity of
interacting factors in adaptive radiation. A detailed
mechanistic view will shed new light on the whole
diversification of life on earth.

Type 4: Combination of Environmental
Change on Archipelagoes

A combination of Types 2 and 3 is necessary to accom-
modate the fish species flocks in African lakes
(McKaye and Gray 1984) (Figures 8-17, 8-18). The
lakes change dramatically in water level. When they
rise, they flood new areas and open up new habitat.
Then, as water levels decline, populations become
isolated on a rather local geographic scale and speci-
ate. For example, Lake Nabugabo became cut off from
Lake Victoria 4,000 years ago and now harbors five
endemic cichlid species (Greenwood 1965).

In addition, for the rock-dwelling cichlids, any
lake houses an archipelago of rocky islands, separated
by wide expanses of sandy and weedy bottoms, that
are available for colonization (McKaye and Gray
1984). Islands are so far apart, and fish so tied to
rocky outcrops, that geographic isolation becomes
important.

Finally, changes in water level create new rock
islands, make some deeper or shallower, or unite
formerly isolated populations, alternating habitats for
species with shallow-water and deep-water prefer-
ences (Figure 8-19). The effect is to change archipelago
arrangements and structures quite rapidly, even in a
decade. This kind of change opens and closes new
sites for colonization and brings new species together,
which may then evolve together, resulting in charac-
ter displacement and finely and narrowly defined
ecological niches (Liem 1978, 1980, Liem and Osse
1975).

Very impressive adaptive radiations have re-
sulted from this combination of dynamics. Green-
wood (1984) estimated that in the Nile, the source of
the colonists of Lake Victoria, 8 percent of fish were
cichlids (10 species). In Lake Victoria, however, the
cichlids radiated to represent 84 percent of fish spe-
cies, with about 200 species (Table 8-2). The "cichlid
lakes" in Africa contain an amazing diversity of spe-
cies—some 580 in total.

It is not clear why Lakes Turkana and Albert have
remained relatively depauperate in cichlids. Albert
may have been part of another drainage system dis-

sociated from the Nile (Greenwood 1974b). Low
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FIGURE 8-17

Part of the adaptive radiation in the Lake Victoria genus Haplochromis, showing the diversification of feeding ecologies

from an H. bloyeti-like ancestor. Species with asterisks are illustrated in Figure 8-18. (From Greenwood 1974a)

diversity in other lakes, such as Lake Turkana, impli-

cates drying periods in the middle Pleistocene. The
whole Great Rift Valley system of East Africa has
been so dynamic that geologists are still working out

the connections and drainages.

8.6 BEYOND THE ADAPTIVE
MODEL OF RADIATION

Amadon (1950) and Mayr (1963) both emphasized the

importance of natural selection in adaptive radiation.



   

BEYOND THE ADAPTIVE MODEL OF RADIATION 177

FIGURE 8 - 8

Four species of Haplochromis from Lake Victoria, in the lineage depicted in Figure 8-17, showing major diversification in
ecology without very dramatic changes in morphology. H. acidens (upper right), about 6 inches long, is a macrophyte
feeder usually found in dense stands of plants; it occupies an almost vacant niche in Lake Victoria. H. prognathus (upper
left) is a fish predator, about 10 inches long, that occupies areas above hard substrates in exposed and sheltered localities.
H. microdon (lower left) is about 5Z inches long; it may feed on fish eggs and larvae and tends to occupy littoral zones
over firm or soft substrates. H. saxicola (lower right) is about 51 inches long and feeds on insect larvae on the lake bottom.
This species may be found on exposed sand or shingle or in dense stands of plants. (From Greenwood 1959, 1967, 1974a)
(Illustration by Tad Theimer)

This emphasis may be called the adaptive model of
radiation; the term itself implies that selection plays
a central role. Other hypotheses have been proposed
as well, especially in relation to the impressive radia-
tion of more than 300 species in the genus Drosophila
on the Hawaiian Islands. That is 25 percent of the
genus worldwide, occurring on six small islands.
Ringo (1977) and Templeton (1979) summarized

four hypotheses.

The Adaptive Model

The adaptive model of radiation refers to the general
pattern discussed in Section 8.2, in which mutation

and natural selection play the central role in shifts to
new niches and adaptive zones (Dobzhansky 1972,
1976). This model does not explain why Hawaiian

species of Drosophila are so distinct from each other

morphologically and behaviorally. For any level of
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FIGURE 8-19

The effects of fluctuating lake levels on the division of habitats for cichlid fishes associated with rocks. In each case (a,

b, c), lake water levels rise, with the following consequences. (a) Two populations become united. (b) One population is
divided into two. (c) A rock providing habitat for shallow-water species becomes deeply submerged, and new rocky
shore habitat becomes available for colonization. (Based on McKaye and Gray 1984)

a b

TABLE 8-2	 Fish species in African lakes and rivers

Total Fish

Geographic Location' 	 Species
Total Cichlid

Species
Percent Cichlid

Species

Rivers: Zambezi 110 20 18%

Zaire 690 40 6%

Niger 134 10 7%

Nile 115 10 8%

Lakes: Turkana 39 7 18%

Victoria' 238 200 84%

Edward' 57 40 70%

Albert 46 9 20%

Tanganyika' 247 136 55%

Malawi' 242 200 83%

Data from Greenwood 1984.

1 Brackets (not inclusive) connecting rivers and lakes show faunal relationships.

2 Cichlid lakes.
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FIGU RE 8-2o

Some species of Hawaiian Drosophila, showing the diversi-
fication of head structure and picturesque wings so differ-
ent from those of the small mainland species. Species 4 and
5 below are about the size of the common mainland species,

D. melanogaster. (Based on Lawrence 1992, and Yoon 1989)

5
	

6
	 7
	

8

genetic similarity, they are more different pheneti-
cally than continental species. In morphology, they
have distinct wing patterning, prominent bristles,
stalked eyes, and strange tarsi, and the sexes are dis-
tinct (Figure 8-20). Behaviorally, in many species
males are territorial. They frequently aggregate in

leks away from oviposition sites. There they attract

females, and copulation occurs. Males also engage in

intricate displays and complex courtship patterns, all

more extreme than those of continental species. Sim-
ple adaptation cannot account for these differences
between Hawaiian and continental Drosophila species.

The Genetic Drift Model

Carson (1970, 1975) proposed that island hopping by
founding individuals, followed by genetic drift, could
account for the extensive speciation of Drosophila on
the Hawaiian Islands. However, this process is un-
likely to result uniformly in significant phenotypic
differences between closely related species. It seems
as if character displacement really must play a role
beyond the effects of drift.

The Sexual Selection Model

Spieth (1974a, 1974b) argued that predation at ovipo-
sition sites (which were conspicuous to the predators)
was strong enough to select for lekking behavior
away from those sites, and lekking fostered sexual
selection between males. Ringo (1977) envisaged a
two-step scenario.

A. Speciation starts with colonization of new islands,
which produces geographic isolation.

B. "Strong directional intrasexual selection acts as the
heritable variation in male reproductive structures
and behavior and in female preference, causing
rapid changes in the frequencies of alleles respon-
sible both for the preferred behavior and for the
preference" (695).

Templeton (1979) criticized Ringo's model, ar-
guing that sexual selection is strongly stabilizing. In
place of selection for deviant males, female choice
forces male morphology and behavior into a nar-
rowly defined range of acceptable males and thus
drives sexual selection.

The Drift Plus Sexual Selection Model

Templeton (1979) argued that both drift and sexual
selection are essential in a speciation model, to ac-
count for the patterns in genetic variation and behav-
ioral and morphological differences. The actual speci-
ation event occurs as in Carson's genetic drift model.
Sexual selection reinforces this speciation event in
two ways.

1. "With a founder event, the release of genetic vari-
ability in the mate recognition system coincides
with a new external selective environment that
frees the species from its old constraints and may
even actively select for a new mate recognition
system—i.e., the sexual selection may become tem-
porarily directional, rather than stabilizing in the
founding population. These conditions are optimal
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FIGURE 8-21

Darlington's view of the major movement patterns of radi-
ating groups of organisms. Large land area in a favorable
climate results in many populations per unit area (indicated
by large squares) and evolution of new generally adapted
species. Such species then disperse, principally in the direc-
tions indicated by long arrows, with little dispersal in the
opposite direction, indicated by short arrows. Megagea is
the landmass composed of Africa in the south, Eurasia, and
North America. (From Darlington 1959)
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for causing a rapid reorganization of the mate rec-
ognition system that could serve as the basis of
speciation" (516).

2. The development of strong premating reproduc-
tive isolating mechanisms, and the potential in
their rapid shifts through directional selection, re-
duce the chances of hybridization with sympatric
populations and preserve the speciation event.
The important point differentiating Templeton's

model from the sexual selection model just discussed
is that, during the founding effect, genetic drift causes
a shift from the parental adaptive peak, and sexual
selection then establishes a new stabilized mating
system that may be substantially different from the
parental core adaptations (Carson and Templeton
1984).

8.7 SOURCES OF RADIATION IN

DOMINANT GROUPS

Scenarios for adaptive radiation in the archipelago-
like arenas are fairly well developed. Radiations on
large continental landmasses or in the ocean, while
contributing in a major way to biotic diversity, have
undergone less conceptual scrutiny. Eisenberg's
(1981) book The Mammalian Radiations provides little
that is generalizable, despite its name. Much earlier,
Darlington (1959) asked where dominant groups of
animals evolved and what factors permitted some
groups to expand geographically and radiate. Domi-
nant groups must possess adaptations that are of gen-
eral utility, i.e., that are adaptive in every environment.
Brown (1958) contrasted the general adaptations of
dominant species with adaptations specific to a par-
ticular set of environmental conditions. General adap-
tations may increase an animal's efficiency in food
utilization, rate of development, or efficiency of loco-
motion. To occupy a large area, a group must have
qualities such as superior competitive ability, effective
colonizing ability, and traits enabling exploitation of
many different environments. The group must possess
numerous general adaptations.

Darlington examined the evidence for the origins
of several dominant groups of animals. The family
Bovidae is the most recent family of artiodactyls to
evolve and has radiated extensively into the cattle,
antelopes, sheep, and goats. The Bovidae are most
numerous and diverse in Africa, where they probably
originated. The earliest fossils of the elephant–masto-
dont group were found in Egypt, and Simpson (1940)
argued that these animals radiated from North Africa.
The murid rodents, or Old World rats and mice, are
most diverse in the Old World tropics and are domi-

nant almost everywhere they have dispersed. Hu-

mans probably also evolved in the Old World tropics.

In fact, evidence suggests that many groups
evolved in the Old World tropics, radiated there, and
then dispersed to other parts of the globe. Much less
movement has occurred in the other direction (Figure
8-21). The mechanisms associated with this pattern,
identified by Darlington, are as follows:

Dominant groups originate in the largest areas.
2. The largest areas also have the most favorable cli-

mates.
3. Because many other species are present, species

evolve strong competitive ability, an important
general adaptation. They do not evolve to tolerate
stressful abiotic environmental conditions such as
exist at higher latitudes.

4. In warmer climates, generation time is reduced,
and so evolutionary rates are higher than in
colder climates.

5. Large areas contain many populations. The larger
the area, the more numerous the populations, the
greater the maintained genetic diversity, and the
greater the evolutionary potential of the species
and of the group as a whole (see also Brown 1957
on centrifugal speciation).
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6. Because larger areas contain more species, the
probability of species moving from species-rich
areas is greater than the probability of the reverse.
Recent studies on the faunal relationships across
Beringia and across the Isthmus of Panama (Hop-
kins et al. 1984, Kontrimavichus 1985 on Beringia;
Marshall et al. 1982, Stehli and Webb 1985 on the
Isthmus of Panama) still support this grand, global
pattern, which contrasts with findings of more nar-
rowly focused studies.

The processes of adaptive radiation have been
central issues in the development of evolutionary the-

ory, but much remains to be discovered. What were
the driving forces for the fish species flocks in Africa's
cichlid lakes? Do we have any power to predict the
approximate extent to which adaptive radiation can
proceed? Is the process of radiation over large areas,
such as mainlands and continental shelves, essen-
tially the same as that on isolated archipelagoes?
What really makes Hawaiian Drosophila species so
different from mainland species? This fascinating
subject has captured many an evolutionist's imagina-
tion, from Darwin to the present, and continues to
be a stimulus for research and debate.

SUMMARY
Adaptive radiation is the relatively rapid evolution-
ary divergence of members of a single phyletic line,
more or less simultaneously, into a series of rather
different ecological niches or different sets of similar
niches. Generally, such radiation occurs in a new eco-
logical setting, free from competition and natural
enemies and often involving impoverished archi-
pelagoes. The fossil record illustrates many such
radiations, with small lineages erupting into diverse
clades. Ammonites, echinoids, brachiopods, and fora-
miniferans exemplify the probably unpredictable na-
ture of cladogenesis, with one lineage radiating exten-
sively while others diverge narrowly and slowly,
showing a pattern of progressive occupation.

Direct examination of the predictability and re-
peatability of radiations indicates that alternative
pathways are generally viable and outcomes are not
foreseeable. Wiwaxiids and clams, and priapulids
and polychaete worms, all from the Burgess Shales,
illustrate the unpredictability of success in the long-
term fossil record. Had humans been able to evaluate
the situation after the demise of the predaceous dino-
saurs, they would not have anticipated the ultimate
predominance of predaceous mammals over large
avian predators.

Adaptive radiation may be classified into four
main types.

1. General adaptive breakthroughs may open up new
adaptive zones, as occurred in the evolution of
wings in lineages leading to birds and bats. Devel-
opment of the parasitic habitat resulted in greatly
enriched chances of radiation across animals and
plant host species.

2. Environmental change opened up new adaptive
opportunities—for instance, newly flooded conti-

nental shelves for ammonite radiation and exten-

sive savannas in which the ruminants radiated.

3. On isolated and therefore depauperate archipela-

goes, early colonists may diversify into adaptive
zones well beyond the extents of their mainland
progenitors. Honeycreepers, Drosophila species,
and silverswords have all radiated on the Hawai-
ian Islands, and Darwin's finches on the Galapagos
Islands are another classic case. The silversword
alliance provides evidence for the complex inter-
play of factors in adaptive radiation: habitat heter-
ogeneity, allopatric isolation on different islands
and ecological isolation within islands, chromo-
somal translocations, founder effects, aneuploidy,
and volcanic activity.

4. A combination of environmental changes and ar-
chipelagoes may best explain the impressive radia-
tions of some fishes in the cichlid lakes in the Great
Rift Valley system of East Africa. Islands of rock
in these large lakes form archipelagoes, and shifts
in water level change the configurations of these
habitats for many cichlid species, creating an ever-
changing set of geographically isolated "islands."

The special case of radiation in Hawaiian Dro-
sophila species raises questions about the adequacy
of the adaptive model of radiation. Divergence of
morphology and behavior appears to be more ex-
treme than that predicted by the adaptive model,
stimulating debate on alternative hypotheses of the
process of radiation. The genetic drift model recog-
nizes the potential importance of frequent founding
events on new islands and subsequent rapid drift in
small populations. The sexual selection model in-
vokes strong selection among males and rapid diver-
gence from the parental type on a new island. A third
model combines the elements of drift and sexual se-
lection.

The dominant taxa that radiate on continents

have commonly originated in the Old World tropics,

where landmass area is large, climate is favorable,
and population sizes and species richness are high.
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QUESTIONS FOR DISCUSSION

1. Diversification of species has been much more exten-
sive on large landmasses and in the sea than on oceanic
archipelagoes. Do you think that archipelago-like to-
pography on the continents and in the oceans was im-
portant or essential in this diversification?

2. The ammonites were an extremely diverse group of
organisms, showing several major radiations in the fos-
sil record, but are now extinct. Does this suggest, in
your opinion, that groups with explosive evolutionary
potential have habitats or biological traits that predis-
pose them to catastrophic declines in diversity and
even extinction?

3. Does the evidence for adaptive radiation suggest that,
given the right physical conditions, any lineage is likely
to radiate, or must the potential for radiation include
special biological traits, such as common reciprocal
chromosomal translocations in the silverswords?

4. What research would you undertake to convincingly
establish the argument that a group has actually under-
gone adaptive radiation rather than progressive occu-
pation?

5. Do you agree that a special case needs to be made for
the adaptive radiation of the genus Drosophila on the
Hawaiian Islands?

6. Given that the specific examples of adaptive radiation
discussed in this chapter come from tropical archipela-

goes and lakes, can we infer that most adaptive break-
throughs have occurred in tropical latitudes, and north-
ern latitudes have been populated by novel forms that
subsequently dispersed from the tropics?

7. Do you think that the panglossian paradigm is too
prominent in arguments for the processes involved
with adaptive radiation?

8. If it is true that the silverswords represent a most spec-
tacular case of adaptive radiation in the plant kingdom
but number only 28 species, must we conclude that
most diversification of plants has involved progres-
sive occupation?

9. Generally speaking, after episodes of adaptive radia-
tion in a lineage on an archipelago, recolonization of
the mainland source of the lineage has not occurred.
What factors would you argue are important for an
understanding of this phenomenon, and how would
you partition factors among characteristics of the archi-
pelagoes themselves, traits of the organisms involved,
and conditions on the mainland?

10. If you received relevant information on a given set of
habitats, such as the Galapagos Islands, and the charac-
teristics of a named invading species, do you think you
could predict the course of adaptive radiation in the
resulting lineage? Would several independently devel-
oped scenarios be similar, in your opinion?
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