
Alfred Russel Wallace was arguably the 
greatest field biologist of the nine-
teenth century. He played a leading 

part in the founding of both evolutionary 
theory and biogeography (see page 162). 
He was also, at times, a fine writer. The best 
of his literary side is on show in his 1869  
classic, The Malay Archipelago, a wondrous 
book of travel and adventure that wears its 
deeper significance lightly. 

The Malay Archipelago is the vast chain of 
islands stretching eastward from Sumatra for 
more than 6,000 kilometres. Most of it now 
falls within the sovereignties of Malaysia and 
Indonesia. In Wallace’s time, it was a world 
apart, a great Milky Way of land masses and 
seas and straits, little explored by Europeans, 
sparsely populated by peoples of diverse cul-
tures, and harbouring countless species of 
unknown plant and animal in dense tropical 
forests. Some parts, 
such as the Aru group 
of islands, just off the 
coast of New Guinea, 
were almost legend-
ary for their remote-
ness and biological 
riches. Wallace’s jour-
neys throughout this 
region, sometimes by mail packet ship, some-
times in a trading vessel or a small outrigger 
canoe, were driven by a purpose: to collect 
animal specimens that might help to answer a 
scientific question. That question was: if spe-
cies evolve, what is the mechanism?

His Malay expedition began in 1854, five 
years before the publication of Charles Dar-
win’s On the Origin of Species. As he pursued 
his goal, oblivious to Darwin’s slow, secret 
theorizing, Wallace suffered one disadvan-
tage that, paradoxically, proved advanta-
geous: a need to earn money. He had no 
family funds such as those that had eased 
Darwin’s way. He paid his expenses by sell-
ing select specimens — pretty beetles and 
butterflies, stuffed birds and occasionally 
mammal skins — to museums and amateur 
collectors through an agent in London. So 
he had reason to take multiple individuals 
of the more striking species. He collected 
series, not just samples. From a riverside 
in southern Celebes he brought away “six 
good specimens” of Papilio androcles, a rare 
and beautiful swallowtail butterfly. And in  
Waigiou he harvested “twenty-four fine  
specimens” of Paradisaea rubra, the red 
bird of paradise. One effect of this redun-
dant, commercial collecting was that he saw 
intraspecific variation laid out before him. 

IN RETROSPECT
The Malay 
Archipelago
David Quammen re-enters the ‘Milky Way of 
land masses’ evoked by Alfred Russel Wallace’s 
masterpiece of biogeography.

The Malay Archipelago: the land of the 
orang-utan, and the bird of paradise; a 
narrative of travel, with studies of man 
and nature
ALFRED RUSSEL WALLACE
Macmillan/Harper Brothers: first published 1869. 

Birds of paradise, as illustrated in The Malay Archipelago in 1869.

“Wallace paid 
his expenses 
by selling 
specimens. So 
he collected 
series, not just 
samples.”
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evolution. Comparing the fauna of Bali with 
that of Lombok, Wallace laid the ground-
work for one of his major contributions: the 
concept of Wallace’s Line, the deep-water 
division between two major faunal realms, 
the Indo-Malay and the Australasian.  
Moving from Sumatra to Java to Borneo, 
he suggested (correctly) that those islands 
must once have been connected to the Asian 
mainland, resting high and dry on what we 
now call the Sunda Shelf. And he supported 
Darwinian theory, subtly rather than explic-
itly, by showing, in case after case, that only 
dispersal of ancestral forms, followed by 
isolation and evolutionary change, could 
explain the patterns of faunal distribution 
that his long labours had revealed. Special 
creations and essentialism just couldn’t make 
sense of the Malay Archipelago.

But this book is not just a subtle compila-
tion of data and argument. It is also a joyride 
through one of the wildest, most exotic, most 
remote regions of Earth that any Victorian 
explorer ever visited. There are deft descrip-
tions of sensory experience, such as this on 
the taste of durian, the East’s most notori-
ous fruit: “A rich butter-like custard highly 
flavoured with almonds ... but intermingled 
with it come wafts of flavour that call to 
mind cream-cheese, onion-sauce, brown 
sherry, and other incongruities.” There 
are moments of breathless drama, mostly 
involving not physical danger (about which 
Wallace tends to be matter-of-fact) but 
small, important triumphs, such as when he 
caught a new species of birdwing butterfly: 
“On taking it out of my net and opening the 
glorious wings, my heart began to beat vio-
lently, the blood rushed to my head, and I 
felt much more like fainting than I have done 
when in apprehension of immediate death.” 
From his high points of discovery to his low 
points of misery, and through all the miles 
and days in between, Wallace is a compan-
ionable narrator with a dry wit, a keen eye, 
an inexhaustible curiosity and not a trace of 
self-pity. What more can readers ask of a lit-
erary and scientific traveller?

One thing is curiously absent from this 
long, brimming book. In recounting his stay 
on Ternate, in 1858, Wallace declined even 
to mention the world-altering idea — his 
theory of evolution — that he put to paper 
there. He could have crowed: in this place, at 
this time, I co-discovered natural selection. 
Evidently he didn’t feel the need. By 1869, 
when The Malay Archipelago appeared,  
Wallace himself was a Darwinist. ■

David Quammen is a writer. His most 
recent book is Spillover: Animal Infections 
and the Next Human Pandemic. His 
1996 book, The Song of the Dodo: Island 
Biogeography in an Age of Extinctions, 
features Wallace.  
e-mail: quammen@imt.netSome of the tropical butterflies that Wallace collected during his travels. 
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At a time when essentialist thinking 
(every species fixed, an ideal type) and the 
idea of special creations (each species shaped 
in a particular way by God) prevailed, even 
among most scientific naturalists, to see 
intraspecific variation was to take the first 
step towards an evolutionary theory.

Wallace travelled continuously among 
the islands for eight years (until 1862), 
and his mishaps, his hardships, his long 
weeks of illness and loneliness, his near-
death scrapes, as well as his collecting and 
observing, are recounted in this vivid, 
encompassing book. From his jumping-off 
point in Singapore he proceeded to Borneo, 
then to Bali, then across the narrow, deep 
strait separating Bali from Lombok. From 
there he looped up to the Dutch entrepôt of 
Macassar, on the southwest tip of Celebes, 
which became his hub for further voyages 
around the archipelago.  

He zigzagged from island to island — out 
east to the Aru cluster, back west to Suma-
tra and Java, up into the northern Moluc-
cas and down south to Timor — depending 

on his own whims and interests, but also on 
which way the monsoon winds were blowing 
or the next mail ship was heading. He took 
note of people and cultures, and recorded 
what intrigued him in his affable, bemused 
voice. Those parts of his book are as chatty 
and engaging as Samuel Pepys’s diaries or 
James Boswell’s Life of 
Johnson. And he con-
tinued his biological 
collections: an exqui-
site birdwing butter-
fly here, a giant beetle 
there, and, whenever 
possible, multiple 
specimens of each. 
When the time came to combine his collect-
ing notes with his anthropological observa-
tions and the diary of his many adventures 
and misadventures, Wallace recast the zig-
zaggy muddle into a linear geographical 
structure. The Malay Archipelago proceeds 
from west to east — Singapore to Aru.

This structure serves well the implicit 
subjects of the book: biogeography and 

“This book 
is a joyride 
through one 
of the most 
exotic, most 
remote regions 
of Earth.”
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Geographical Distribution dependent
on Geologic Changes.

EVERY NATURALIST who has directed his attention to the subject of the
geographical distribution of animals and plants, must have been
interested in the singular facts which it presents. Many of these facts
are quite different from what would have been anticipated, and have
hitherto been considered as highly curious, but quite inexplicable.
None of the explanations attempted from the time of Linnaeus are
now considered at all satisfactory; none of them have given a cause
sufficient to account for the facts known at the time, or
comprehensive enough to include all the new facts which have since
been, and are daily being added. Of late years, however, a great light
has been thrown upon the subject by geological investigations, which
have shown that the present state of the earth and of the organisms
now inhabiting it, is but the last stage of a long and uninterrupted
series of changes which it has undergone, and consequently, that to
endeavour to explain and account for its present condition without any
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reference to those changes (as has frequently been done) must lead to
very imperfect and erroneous conclusions.

The facts proved by geology are briefly these: — That during an
immense, but unknown period, the surface of the earth has undergone
successive changes; land has sunk beneath the ocean, while fresh land
has risen up from it; mountain chains have been elevated; islands have
been formed into continents, and continents submerged till they have
become islands; and these changes have taken place, not once merely,
but perhaps hundreds, perhaps thousands of times: — That all these
operations have been more or less continuous, but unequal in their
progress, and during the whole series the organic life of the earth has
undergone a corresponding alteration. This alteration also has been
gradual, but complete; after a certain interval not a single species
existing which had lived at the commencement of the period. This
complete renewal of the forms of life also appears to have occurred
several times: — That from the last of the geological epochs to the
present or historical epoch, the change of organic life has been
gradual: the first appearance of animals now existing can in many
cases be traced, their numbers gradually increasing in the more recent
formations, while other species continually die out and disappear, so
that the present condition of the organic world is clearly derived by a
natural process of gradual extinction and creation of species from that
of the latest geological periods. We may therefore safely infer a like
gradation and natural sequence from one geological epoch to another.

Now, taking this as a fair statement of the results of geological
inquiry, we see that the present geographical distribution of life upon
the earth must be the result of all the previous changes, both of the
surface of the earth itself and of its inhabitants. Many causes, no
doubt, have operated of which we must ever remain in ignorance, and
we may, therefore, expect to find many details very difficult of
explanation, and in attempting to give one, must allow ourselves to
call into our service geological changes which it is highly probable
may have occurred, though we have no direct evidence of their
individual operation.

The great increase of our knowledge within the last twenty years,
both of the present and past history of the organic world, has
accumulated a body of facts which should afford a sufficient
foundation for a comprehensive law embracing and explaining them
all, and giving a direction to new researches. It is about ten years
since the idea of such a law suggested itself to the writer of this essay,
and he has since taken every opportunity of testing it by all the
newly–ascertained facts with which he has become acquainted, or has
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been able to observe himself. These have all served to convince him
of the correctness of his hypothesis. Fully to enter into such a subject
would occupy much space, and it is only in consequence of some
views having been lately promulgated, he believes, in a wrong
direction, that he now ventures to present his ideas to the public, with
only such obvious illustrations of the arguments and results as occur
to him in a place far removed from all means of reference and exact
information.

A Law deduced from well–known Geographical
and Geological Facts.

The following propositions in Organic Geography and Geology
give the main facts on which the hypothesis is founded.

Geography

1. Large groups, such as classes and orders, are generally spread
over the whole earth, while smaller ones, such as families and
genera, are frequently confined to one portion, often to a very
limited district.

2. In widely distributed families the genera are often limited in
range; in widely distributed genera, well marked groups of
species are peculiar to each geographical district.

3. When a group is confined to one district, and is rich in species,
it is almost invariably the case that the most closely allied
species are found in the same locality or in closely adjoining
localities, and that therefore the natural sequence of the
species by affinity is also geographical.

4. In countries of a similar climate, but separated by a wide sea
or lofty mountains, the families, genera and species of the one
are often represented by closely allied families, genera and
species peculiar to the other.

Geology

5. The distribution of the organic world in time is very similar to
its present distribution in space.

6. Most of the larger and some small groups extend through
several geological periods.

7. In each period, however, there are peculiar groups, found
nowhere else, and extending through one or several
formations.
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8. Species of one genus, or genera of one family occurring in the
same geological time, are more closely allied than those
separated in time.

9. As generally in geography no species or genus occurs in two
very distant localities without being also found in intermediate
places, so in geology the life of a species or genus has not been
interrupted. In other words, no group or species has come into
existence twice.

10. The following law may be deduced from these facts: — Every
species has come into existence coincident both in space and
time with a pre–existing closely allied species.

This law agrees with, explains and illustrates all the facts
connected with the following branches of the subject: — 1st. The
system of natural affinities. 2nd. The distribution of animals and
plants in space. 3rd. The same in time, including all the phaenomena
of representative groups, and those which Professor Forbes supposed
to manifest polarity. 4th. The phaenomena of rudimentary organs. We
will briefly endeavour to show its bearing upon each of these.

The Form of a true system of
Classification determined by this Law.

If the law above enunciated be true, it follows that the natural
series of affinities will also represent the order in which the several
species came into existence, each one having had for its immediate
antitype a closely allied species existing at the time of its origin. It is
evidently possible that two or three distinct species may have had a
common antitype, and that each of these may again have become the
antitypes from which other closely allied species were created. The
effect of this would be, that so long as each species has had but one
new species formed on its model, the line of affinities will be simple,
and may be represented by placing the several species in direct
succession in a straight line. But if two or more species have been
independently formed on the plan of a common antitype, then the
series of affinities will be compound, and can only be represented by a
forked or many branched line. Now, all attempts at a Natural
classification and arrangement of organic beings show, that both these
plans have obtained in creation. Sometimes the series of affinities can
be well represented for a space by a direct progression from species to
species or from group to group, but it is generally found impossible so
to continue. There constantly occur two or more modifications of an



On the Law which Has Regulated the Introduction of New Species5

First published in: Annals and Magazine of Natural History, 2nd Series, 16:184–196.

organ or modifications of two distinct organs, leading us on to two
distinct series of species, which at length differ so much from each
other as to form distinct genera or families. These are the parallel
series or representative groups of naturalists, and they often occur in
different countries, or are found fossil in different formations. They
are said to have an analogy to each other when they are so far
removed from their common antitype as to differ in many important
points of structure, while they still preserve a family resemblance. We
thus see how difficult it is to determine in every case whether a given
relation is an analogy or an affinity, for it is evident that as we go
back along the parallel or divergent series, towards the common
antitype, the analogy which existed between the two groups becomes
an affinity. We are also made aware of the difficulty of arriving at a
true classification, even in a small and perfect group; — in the actual
state of nature it is almost impossible, the species being so numerous
and the modifications of form and structure so varied, arising
probably from the immense number of species which have served as
antitype for the existing species, and thus produced a complicated
branching of the lines of affinity, as intricate as the twigs of a gnarled
oak or the vascular system of the human body. Again, if we consider
that we have only fragments of this vast system, the stem and main
branches being represented by extinct species of which we have no
knowledge, while a vast mass of limbs and boughs and minute twigs
and scattered leaves is what we have to place in order, and determine
the true position each originally occupied with regard to the others,
the whole difficulty of the true Natural System of classification
becomes apparent to us.

We shall thus find ourselves obliged to reject all those systems of
classification which arrange species or groups in circles, as well as
those which fix a definite number for the divisions of each group. The
latter class have been very generally rejected by naturalists, as
contrary to nature, notwithstanding the ability with which they have
been advocated; but the circular system of affinities seems to have
obtained a deeper hold, many eminent naturalists having to some
extent adopted it. We have, however, never been able to find a case in
which the circle has been closed by a direct and close affinity. In most
cases a palpable analogy has been substituted, in others the affinity is
very obscure or altogether doubtful. The complicated branching of the
lines of affinities in extensive groups must also afford great facilities
for giving a show of probability to any such purely artificial
arrangements. Their death–blow was given by the admirable paper of
the lamented Mr. Strickland, published in the “Annals of Natural
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History,” in which he so cleverly showed the true synthetical method
of discovering the Natural System.

Geographical Distribution of Organisms.

If we now consider the geographical distribution of animals and
plants upon the earth, we shall find all the facts beautifully in
accordance with, and readily explained by, the present hypothesis. A
country having species, genera, and whole families peculiar to it, will
be the necessary result of its having been isolated for a long period,
sufficient for many series of species to have been created on the type
of pre–existing ones, which, as well as many of the earlier–formed
species, have become extinct, and thus made the groups appear
isolated. If in any case the antitype had an extensive range, two or
more groups of species might have been formed, each varying from it
in a different manner, and thus producing several representative or
analogous groups. The Sylviadae of Europe and the Sylvicolidae of
North America, the Heliconidae of South America and the Euploeas
of the East, the group of Trogons inhabiting Asia, and that peculiar to
South America, are examples that may be accounted for in this
manner.

Such phaenomena as are exhibited by the Galapagos Islands,
which contain little groups of plants and animals peculiar to
themselves, but most nearly allied to those of South America, have
not hitherto received any, even a conjectural explanation. The
Galapagos are a volcanic group of high antiquity, and have probably
never been more closely connected with the continent than they are at
present. They must have been first peopled, like other newly–formed
islands, by the action of winds and currents, and at a period
sufficiently remote to have had the original species die out, and the
modified prototypes only remain. In the same way we can account for
the separate islands having each their peculiar species, either on the
supposition that the same original emigration peopled the whole of the
islands with the same species from which differently modified
prototypes were created, or that the islands were successively peopled
from each other, but that new species have been created in each on the
plan of the pre–existing ones. St. Helena is a similar case of a very
ancient island having obtained an entirely peculiar, though limited,
flora. On the other hand, no example is known of an island which can
be proved geologically to be of very recent origin (late in the Tertiary,
for instance), and yet possess generic or family groups, or even many
species peculiar to itself.
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When a range of mountains has attained a great elevation, and has
so remained during a long geological period, the species of the two
sides at and near their bases will be often very different,
representative species of some genera occurring, and even whole
genera being peculiar to one side, as is remarkably seen in the case of
the Andes and Rocky Mountains. A similar phaenomena occurs when
an island has been separated from a continent at a very early period.
The shallow sea between the Peninsula of Malacca, Java, Sumatra and
Borneo was probably a continent or large island at an early epoch, and
may have become submerged as the volcanic ranges of Java and
Sumatra were elevated. The organic results we see in the very
considerable number of species of animals common to some or all of
these countries, while at the same time a number of closely allied
representative species exist peculiar to each, showing that a
considerable period has elapsed since their separation. The facts of
geographical distribution and of geology may thus mutually explain
each other in doubtful cases, should the principles here advocated be
clearly established.

In all those cases in which an island has been separated from a
continent, or raised by volcanic or coralline action from the sea, or in
which a mountain–chain has been elevated in a recent geological
epoch, the phaenomena of peculiar groups or even of single
representative species will not exist. Our own island is an example of
this, its separation from the continent being geologically very recent,
and we have consequently scarcely a species which is peculiar to it;
while the Alpine range, one of the most recent mountain elevations,
separates faunas and floras which scarcely differ more than may be
due to climate and latitude alone.

The series of facts alluded to in Proposition (3), of closely allied
species in rich groups being found geographically near each other, is
most striking and important. Mr. Lovell Reeve has well exemplified it
in his able and interesting paper on the Distribution of the Bulimi. It is
also seen in the Hummingbirds and Toucans, little groups of two or
three closely allied species being often found in the same or closely
adjoining districts, as we have had the good fortune of personally
verifying. Fishes give evidence of a similar kind: each great river has
its peculiar genera, and in more extensive genera its groups of closely
allied species. But it is the same throughout Nature; every class and
order of animals will contribute similar facts. Hitherto no attempt has
been made to explain these singular phaenomena, or to show how they
have arisen. Why are the genera of Palms and of Orchids in almost
every case confined to one hemisphere? Why are the closely allied
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species of brownbacked Trogons all found in the East, and the green–
backed in the West? Why are the Macaws and the Cockatoos similarly
restricted? Insects furnish a countless number of analogous examples;
— the Goliathi of Africa, the Ornithopterae of the Indian Islands, the
Heliconidae of South America, the Danaidae of the East, and in all,
the most closely allied species found in geographical proximity. The
question forces itself upon every thinking mind, — why are these
things so? They could not be as they are had no law regulated their
creation and dispersion. The law here enunciated not merely explains,
but necessitates the facts we see to exist, while the vast and long–
continued geological changes of the earth readily account for the
exceptions and apparent discrepancies that here and there occur. The
writer’s object in putting forward his views in the present imperfect
manner is to submit them to the test of other minds, and to be made
aware of all the facts supposed to be inconsistent with them. As his
hypothesis is one which claims acceptance solely as explaining and
connecting facts which exist in nature, he expects facts alone to be
brought to disprove it, not à priori arguments against its probability.

Geological Distribution of the Forms of Life.

The phaenomena of geological distribution are exactly analogous
to those of geography. Closely allied species are found associated in
the same beds, and the change from species to species appears to have
been as gradual in time as in space. Geology, however, furnishes us
with positive proof of the extinction and production of species, though
it does not inform us how either has taken place. The extinction of
species, however, offers but little difficulty, and the modus operandi
has been well illustrated by Sir C. Lyell in his admirable “principles.”
Geological changes, however gradual, must occasionally have
modified external conditions to such an extent as to have rendered the
existence of certain species impossible. The extinction would in most
cases be effected by a gradual dying–out, but in some instances there
might have been a sudden destruction of a species of limited range.
To discover how the extinct species have from time to time been
replaced by new ones down to the very latest geological period, is the
most difficult, and at the same time the most interesting problem in
the natural history of the earth. The present inquiry, which seeks to
eliminate from known facts a law which has determined, to a certain
degree, what species could and did appear at a given epoch, may, it is
hoped, be considered as one step in the right direction towards a
complete solution of it.
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High Organization of very ancient
Animals consistent with this Law.

Much discussion has of late years taken place on the question,
whether the succession of life upon the globe has been from a lower to
a higher degree of organization. The admitted facts seem to show that
there has been a general, but not a detailed progression. Mollusca and
Radiata existed before Vertebrata, and the progression from Fishes to
Reptiles and Mammalia, and also from the lower mammals to the
higher, is indisputable. On the other hand, it is said that the Mollusca
and Radiata of the very earliest periods were more highly organized
than the great mass of those now existing, and that the very first fishes
that have been discovered are by no means the lowest organised of the
class. Now it is believed the present hypothesis will harmonize with
all these facts, and in a great measure serve to explain them; for
though it may appear to some readers essentially a theory of
progression, it is in reality only one of gradual change. It is, however,
by no means difficult to show that a real progression in the scale of
organization is perfectly consistent with all the appearances, and even
with apparent retrogression, should such occur.

Returning to the analogy of a branching tree, as the best mode of
representing the natural arrangement of species and their successive
creation, let us suppose that at an early geological epoch any group
(say a class of the Mollusca) has attained to a great richness of species
and a high organization. Now let this great branch of allied species, by
geological mutations, be completely or partially destroyed.
Subsequently a new branch springs from the same trunk, that is to say,
new species are successively created, having for their antitypes the
same lower organized species which had served as the antitypes for
the former group, but which have survived the modified conditions
which destroyed it. This new group being subject to these altered
conditions, has modifications of structure and organization given to it,
and becomes the representative group of the former one in another
geological formation. It may, however, happen, that though later in
time, the new series of species may never attain to so high a degree of
organization as those preceding it, but in its turn become extinct, and
give place to yet another modification from the same root, which may
be of higher or lower organization, more or less numerous in species,
and more or less varied in form and structure than either of those
which preceded it. Again, each of these groups may not have become
totally extinct, but may have left a few species, the modified
prototypes of which have existed in each succeeding period, a faint
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memorial of their former grandeur and luxuriance. Thus every case of
apparent retrogression may be in reality a progress, though an
interrupted one: when some monarch of the forest loses a limb, it may
be replaced by a feeble and sickly substitute. The foregoing remarks
appear to apply to the case of the Mollusca, which, at a very early
period, had reached a high organization and a great development of
forms and species in the testaceous Cephalopoda. In each succeeding
age modified species and genera replaced the former ones which had
become extinct, and as we approach the present aera, but few and
small representatives of the group remain, while the Gasteropods and
Bivalves have acquired an immense preponderance. In the long series
of changes the earth has undergone, the process of peopling it with
organic beings has been continually going on, and whenever any of
the higher groups have become nearly or quite extinct, the lower
forms which have better resisted the modified physical conditions
have served as the antitypes on which to found the new races. In this
manner alone, it is believed, can the representative groups at
successive periods, and the rising and fallings in the scale of
organization, be in every case explained.

Objections to Forbes’ Theory of Polarity.

The hypothesis of polarity, recently put forward by Professor
Edward Forbes to account for the abundance of generic forms at a
very early period and at present, while in the intermediate epochs
there is a gradual diminution and impoverishment, till the minimum
occurred at the confines of the Palaeozoic and Secondary epochs,
appears to us quite unnecessary, as the facts may be readily accounted
for on the principles already laid down. Between the Palaeozoic and
Neozoic periods of Professor Forbes, there is scarcely a species in
common, and the greater part of the genera and families also
disappear to be replaced by new ones. It is almost universally
admitted that such a change in the organic world must have occupied
a vast period of time. Of this interval we have no record; probably
because the whole area of the early formations now exposed to our
researches was elevated at the end of the Palaeozoic period, and
remained so through the interval required for the organic changes
which resulted in the fauna and flora of the Secondary period. The
records of this interval are buried beneath the ocean which covers
three–fourths of the globe. Now it appears highly probable that a long
period of quiescence or stability in the physical conditions of a district
would be most favourable to the existence of organic life in the
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greatest abundance, both as regards individuals and also as to variety
of species and generic group, just as we now find that the places best
adapted to the rapid growth and increase of individuals also contain
the greatest profusion of species and the greatest variety of forms, —
the tropics in comparison with the temperate and arctic regions. On
the other hand, it seems no less probable that a change in the physical
conditions of a district, even small in amount if rapid, or even gradual
if to a great amount, would be highly unfavourable to the existence of
individuals, might cause the extinction of many species, and would
probably be equally unfavourable to the creation of new ones. In this
too we may find an analogy with the present state of our earth, for it
has been shown to be the violent extremes and rapid changes of
physical conditions, rather than the actual mean state in the temperate
and frigid zones, which renders them less prolific than the tropical
regions, as exemplified by the great distance beyond the tropics to
which tropical forms penetrate when the climate is equable, and also
by the richness in species and forms of tropical mountain regions
which principally differ from the temperate zone in the uniformity of
their climate. However this may be, it seems a fair assumption that
during a period of geological repose the new species which we know
to have been created would have appeared, that the creations would
then exceed in number the extinctions, and therefore the number of
species would increase. In a period of geological activity, on the other
hand, it seems probable that the extinctions might exceed the
creations, and the number of species consequently diminish. That such
effects did take place in connexion with the causes to which we have
imputed them, is shown in the case of the Coal formation, the faults
and contortions of which show a period of great activity and violent
convulsions, and it is in the formation immediately succeeding this
that the poverty of forms of life is most apparent. We have then only
to suppose a long period of somewhat similar action during the vast
unknown interval at the termination of the Palaeozoic period, and then
a decreasing violence or rapidity through the Secondary period, to
allow for the gradual repopulation of the earth with varied forms, and
the whole of the facts are explained. We thus have a clue to the
increase of the forms of life during certain periods, and their decrease
during others, without recourse to any causes but these we know to
have existed, and to effects fairly deducible from them. The precise
manner in which the geological changes of the early formations were
effected is so extremely obscure, that when we can explain important
facts by a retardation at one time and an acceleration at another of a
process which we know from its nature and from observation to have
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been unequal, — a cause so simple may surely be preferred to one so
obscure and hypothetical as polarity.

I would also venture to suggest some reasons against the very
nature of the theory of Professor Forbes. Our knowledge of the
organic world during any geological epoch is necessarily very
imperfect.  Looking at the vast numbers of species and groups that
have been discovered by geologists, this may be doubted; but we
should compare their numbers not merely with those that now exist
upon the earth, but with a far larger amount. We have no reason for
believing that the number of species on the earth at any former period
was much less than at present; at all events the aquatic portion, with
which geologists have most acquaintance, was probably often as great
or greater. Now we know that there have been many complete
changes of species; new sets of organisms have many times been
introduced in place of old ones which have become extinct, so that the
total amount which have existed on the earth from the earliest
geological period must have borne about the same proportion to those
now living, as the whole human race who have lived and died upon
the earth, to the population at the present time. Again, at each epoch,
the whole earth was no doubt, as now, more or less the theatre of life,
and as the successive generations of each species died, their exuviae
and preservable parts would be deposited over every portion of the
then existing seas and oceans, which we have reason for supposing to
have been more, rather than less, extensive than at present. In order
then to understand our possible knowledge of the early world and its
inhabitants, we must compare, not the area of the whole field of our
geological researches with the earth’s surface, but the area of the
examined portion of each formation separately with the whole earth.
For example, during the Silurian period all the earth was Silurian, and
animals were living and dying, and depositing their remains more or
less over the whole area of the globe, and they were probably (the
species at least) nearly as varied in different latitudes and longitudes
as at present. What proportion do the Silurian districts bear to the
whole surface of the globe, land and sea (for far more extensive
Silurian districts probably exist beneath the ocean than above it), and
what portion of the known Silurian districts has been actually
examined for fossils?  Would the area of rock actually laid open to the
eye be the thousandth or the ten–thousandth part of the earth’s
surface? Ask the same question with regard to the Oolite or the Chalk,
or even to particular beds of these when they differ considerably in
their fossils, and you may then get some notion of how small a portion
of the whole we know.
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But yet more important is the probability, nay almost the
certainty, that whole formations containing the records of vast
geological periods are entirely buried beneath the ocean, and for ever
beyond our reach. Most of the gaps in the geological series may thus
be filled up, and vast numbers of unknown and unimaginable animals,
which might help to elucidate the affinities of the numerous isolated
groups which are a perpetual puzzle to the zoologist, may there be
buried, until future revolutions may raise them in their turn above the
waters, to afford materials for the study of whatever race of intelligent
beings may then have succeeded us. These considerations must lead
us to the conclusion, that our knowledge of the whole series of the
former inhabitants of the earth is necessarily most imperfect and
fragmentary, — as much so as our knowledge of the present organic
world would be, were we forced to make our collections and
observations only in spots equally limited in area and in number with
those actually laid open for the collection of fossils. Now, the
hypothesis of Professor Forbes is essentially one that assumes to a
great extent the completeness of our knowledge of the whole series of
organic beings which have existed on the earth. This appears to be a
fatal objection to it, independently of all other considerations. It may
be said that the same objections exist against every theory on such a
subject, but this is not necessarily the case. The hypothesis put
forward in this paper depends in no degree upon the completeness of
our knowledge of the former condition of the organic world, but takes
what facts we have as fragments of a vast whole, and deduces from
them something of the nature and proportions of that whole which we
can never know in detail. It is founded upon isolated groups of facts,
recognizes their isolation, and endeavours to deduce from them the
nature of the intervening portions.

Rudimentary Organs.

Another important series of facts, quite in accordance with, and
even necessary deductions from, the law now developed, are those of
rudimentary organs. That these really do exist, and in most cases have
no special function in the animal economy, is admitted by the first
authorities in comparative anatomy. The minute limbs hidden beneath
the skin in many of the snake–like lizards, the anal hooks of the boa
constrictor, the complete series of jointed finger–bones in the paddle
of the Manatus and whale, are a few of the most familiar instances. In
botany a similar class of facts has long been recognised. Abortive
stamens, rudimentary floral envelopes and undeveloped carpels, are of
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the most frequent occurrence. To every thoughtful naturalist the
question must arise, What are these for?  What have they to do with
the great laws of creation? Do they not teach us something of the
system of Nature? If each species has been created independently, and
without any necessary relations with pre–existing species, what do
these rudiments, these apparent imperfections mean? There must be a
cause for them; they must be the necessary results of some great
natural law. Now, if, as it has been endeavoured to be shown, the
great law which has regulated the peopling of the earth with animal
and vegetable life is, that every change shall be gradual; that no new
creature shall be formed widely differing from anything before
existing; that in this, as in everything else in Nature, there shall be
gradation and harmony, — then these rudimentary organs are
necessary, and are an essential part of the system of Nature. Ere the
higher Vertebrata were formed, for instance, many steps were
required, and many organs had to undergo modifications from the
rudimental condition in which only they had as yet existed. We still
see remaining an antitypal sketch of a wing adapted for flight in the
scaly flapper of the penguin, and limbs first concealed beneath the
skin, and then weakly protruding from it, were the necessary
gradations before others should be formed fully adapted for
locomotion. Many more of these modifications should we behold, and
more complete series of them, had we a view of all the forms which
have ceased to live. The great gaps that exist between fishes, reptiles,
birds, and mammals would then, no doubt, be softened down by
intermediate groups, and the whole organic world would be seen to be
an unbroken and harmonious system.

Conclusion.

It has now been shown, though most briefly and imperfectly, how
the law that “Every species has come into existence coincident both in
time and space with a pre–existing closely allied species,” connects
together and renders intelligible a vast number of independent and
hitherto unexplained facts. The natural system of arrangement of
organic beings, their geographical distribution, their geological
sequence, the phaenomena of representative and substituted groups in
all their modifications, and the most singular peculiarities of
anatomical structure, are all explained and illustrated by it, in perfect
accordance with the vast mass of facts which the researches of
modern naturalists have brought together, and, it is believed, not
materially opposed to any of them. It also claims a superiority over
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previous hypotheses, on the ground that it not merely explains, but
necessitates what exists. Granted the law, and many of the most
important facts in Nature could not have been otherwise, but are
almost as necessary deductions from it, as are the elliptic orbits of the
planets from the law of gravitation.

 —   THE END   —



ON THE TENDENCY OF VARIETIES TO DEPART INDEFINITELY FROM THE
ORIGINAL TYPE

by Alfred Russel Wallace written at Ternate, February, 1858
Instability of Varieties supposed to prove the permanent distinctness of Species

[Paper presented along with Darwin’s “Abstract” on natural selection (actually the first edition of
“The Origin of Species” at the meeting of the Linnaean Society which established Darwin’s
primacy to the theory of natural selection].

ONE of the strongest arguments which have been adduced to prove the original
and permanent distinctness of species is, that varieties produced in a state
of domesticity are more or less unstable, and often have a tendency, if left
to themselves, to return to the normal form of the parent species; and this
instability is considered to be a distinctive peculiarity of all varieties,
even of those occurring among wild animals in a state of nature, and to
constitute a provision for preserving unchanged the originally created
distinct species.

In the absence of scarcity of facts and observations as to varieties
occurring among wild animals, this argument has had great weight with
naturalists, and has led to a very general and somewhat prejudiced belief in
the stability of species. Equally general, however, is the belief in what
are called "permanent or true varieties,"- races of animals which
continually propagate their like, but which differ so slightly (although
constantly) from some other race, that the one is considered to be a variety
of the other. Which is the variety and which the original species, there is
generally no means of determining, except in those rare cases in which the
one race has been known to produce an offspring unlike itself and resembling
the other. This, however, would seem quite incompatible with the "permanent
invariability of species," but the difficulty is overcome by assuming that
such varieties have strict limits, and can never again vary further from the
original type, although they may return to it, which, from the analogy of
the domesticated animals, is considered to be highly probable, if not
certainly proved.

It will be observed that this argument rests entirely on the assumption,
that varieties occurring in a state of nature are in all respects analogous
to or even identical with those of domestic animals, and are governed by the
same laws as regards their permanence or further variation. But it is the
object of the present paper to show that this assumption is altogether
false, that there is a general principle in nature which will cause many
varieties to survive the parent species, and to give rise to successive
variations departing further and further from the original type, and which
also produces, in domesticated animals, the tendency of varieties to return
to the parent form.



The Struggle for Existence.

The life of wild animals is a struggle for existence. The full exertion of
all their faculties and all their energies is required to preserve their own
existence and provide for that of their infant offspring. The possibility of
procuring food during the least favourable seasons, and of escaping the
attacks of their most dangerous enemies, are the primary conditions which
determine the existence both of individuals and of entire species. These
conditions will also determine the population of a species; and by a careful
consideration of all the circumstances we may be enabled to comprehend, and
in some degree to explain, what at first sight appears so inexplicable- the
excessive abundance of some species, while others closely allied to them are
very rare.

The Law of Population of Species.

The general proportion that must obtain between certain groups of animals is
readily seen. Large animals cannot be so abundant as small ones; the
carnivora must be less numerous than the herbivora; eagles and lions can
never be so plentiful as pigeons and antelopes; the wild asses of the
Tartarian deserts cannot equal in numbers the horses of the more luxuriant
prairies and pampas of America. The greater or less fecundity of an animal
is often considered to be one of the chief causes of its abundance or
scarcity; but a consideration of the facts will show us that it really has
little or nothing to do with the matter. Even the least prolific of animals
would increase rapidly if unchecked, whereas it is evident that the animal
population of the globe must be stationary, or perhaps, through the
influence of man, decreasing. Fluctuations there may be; but permanent
increase, except in restricted localities, is almost impossible. For
example, our own observation must convince us that birds do not go on
increasing every year in a geometrical ratio, as they would do, were there
not some powerful check to their natural increase. Very few birds produce
less than two young ones each year, while many have six, eight, or ten; four
will certainly be below the average; and if we suppose that each pair
produce young only four times in their life, that will also be below the
average, supposing them not to die either by violence or want of food. Yet
at this rate how tremendous would be the increase in a few years from a
single pair! A simple calculation will show that in fifteen years each pair
of birds would have increased to nearly ten millions! whereas we have no
reason to believe that the number of the birds of any country increases at
all in fifteen or in one hundred and fifty years. With such powers of
increase the population must have reached its limits, and have become
stationary, in a very few years after the origin of each species. It is
evident, therefore, that each year an immense number of birds must perish-
as many in fact as are born; and as on the lowest calculation the progeny
are each year twice as numerous as their parents, it follows that, whatever



be the average number of individuals existing in any given country, twice
that number must perish annually,- a striking result, but one which seems at
least highly probable, and is perhaps under rather than over the truth. It
would therefore appear that, as far as the continuance of the species and
the keeping up the average number of individuals are concerned, large broods
are superfluous. On the average all above one become food for hawks and
kites, wild cats and weasels, or perish of cold and hunger as winter comes
on. This is strikingly proved by the case of particular species; for we find
that their abundance in individuals bears no relation whatever to their
fertility in producing offspring. Perhaps the most remarkable instance of an
immense bird population is that of the passenger pigeon of the United
States, which lays only one, or at most two eggs, and is said to rear
generally but one young one. Why is this bird so extraordinarily abundant,
while others producing two or three times as many young are much less
plentiful? The explanation is not difficult. The food most congenial to this
species, and on which it thrives best, is abundantly distributed over a very
extensive region, offering such difference of soil and climate, that in one
part or another of the area the supply never fails. The bird is capable of a
very rapid and long-continued flight, so that it can pass without fatigue
over the whole of the district it inhabits, and as soon as the supply of
food begins to fail in one place is able to discover a fresh feeding-ground.
This example strikingly shows us that the procuring a constant supply of
wholesome food is almost the sole condition requisite for ensuring the rapid
increase of a given species, since neither the limited fecundity, nor the
unrestrained attacks of birds of prey and of man are here sufficient to
check it. In no other birds are these peculiar circumstances so strikingly
combined. Either their food is more liable to failure, or they have not
sufficient power of wing to search for it over an extensive area, or during
some season of the year it becomes very scarce, and less wholesome
substitutes have to be found; and thus, though more fertile in offspring,
they can never increase beyond the supply of food in the least favourable
seasons. Many birds can only exist by migrating, when their food becomes
scarce, to regions possessing a milder, or at least a different climate,
though, as these migrating birds are seldom excessively abundant, it is
evident that the countries they visit are still deficient in a constant and
abundant supply of wholesome food. Those whose organization does not permit
them to migrate when their food becomes periodically scarce, can never
attain a large population. This is probably the reason why woodpeckers are
scarce with us, while in the tropics they are among the most abundant of
solitary birds. Thus the house sparrow is more abundant than the redbreast,
because its food is more constant and plentiful,- seeds of grasses being
preserved during the winter, and our farm-yards and stubble-fields
furnishing an almost inexhaustible supply. Why, as a general rule, are
aquatic, and especially sea birds, very numerous in individuals? Not because
they are more prolific than others, generally the contrary; but because
their food never fails, the sea-shores and river-banks daily swarming with a



fresh supply of small mollusca and crustacea. Exactly the same laws will
apply to mammals. Wild cats are prolific and have few enemies; why then are
they never as abundant as rabbits? The only intelligible answer is, that
their supply of food is more precarious. It appears evident, therefore, that
so long as a country remains physically unchanged, the numbers of its animal
population cannot materially increase. If one species does so, some others
requiring the same kind of food much diminish in proportion. The numbers
that die annually must be immense; and as the individual existence of each
animal depends upon itself, those that die must be the weakest- the very
young, the aged, and the diseased,- while those that prolong their existence
can only be the most perfect in health and vigour- those who are best able
to obtain food regularly, and avoid their numerous enemies. It is, as we
commenced by remarking, "a struggle for existence," in which the weakest and
least perfectly organized must always succumb.

The Abundance or Rarity of a Species dependent upon its more or less perfect
Adaptation to the Conditions of Existence.

It seems evident that what takes place among the individuals of a species
must also occur among the several allied species of a group,- viz., that
those which are best adapted to obtain a regular supply of food, and to
defend themselves against the attacks of their enemies and the vicissitudes
of the seasons, must necessarily obtain and preserve a superiority in
population; while those species which from some defect of power or
organization are the least capable of counteracting the vicissitudes of
food, supply, &c., must diminish in numbers, and, in extreme cases, become
altogether extinct. Between these extremes the species will present various
degrees of capacity for ensuring the means of preserving life; and it is
thus we account for the abundance or rarity of species. Our ignorance will
generally prevent us from accurately tracing the effects to their causes;
but could we become perfectly acquainted with the organization and habits of
the various species of animals, and could we measure the capacity of each
for performing the different acts necessary to its safety and existence
under all the varying circumstances by which it is surrounded, we might be
able even to calculate the proportionate abundance of individuals which is
the necessary result.

If now we have succeeded in establishing these two points- 1st, that the
animal population of a country is generally stationary, being kept down by a
periodical deficiency of food, and other checks; and, 2nd, that the
comparative abundance or scarcity of the individuals of the several species
is entirely due to their organization and resulting habits, which, rendering
it more difficult to procure a regular supply of food and to provide for
their personal safety in some cases than in others, can only be balanced by
a difference in the population which have to exist in a given area- we shall
be in a condition to proceed to the consideration of varieties, to which the



preceding remarks have a direct and very important application.

Useful Variations will tend to Increase; useless or hurtful Variations to
Diminish.

Most or perhaps all the variations from the typical form of a species must
have some definite effect, however slight, on the habits or capacities of
the individuals. Even a change of colour might, by rendering them more or
less distinguishable, affect their safety; a greater or less development of
hair might modify their habits. More important changes, such as an increase
in the power or dimensions of the limbs or any of the external organs, would
more or less affect their mode of procuring food or the range of country
which they inhabit. It is also evident that most changes would affect,
either favourably or adversely, the powers of prolonging existence. An
antelope with shorter or weaker legs must necessarily suffer more from the
attacks of the feline carnivora; the passenger pigeon with less powerful
wings would sooner or later be affected in its powers of procuring a regular
supply of food; and in both cases the result must necessarily be a
diminution of the population of the modified species. If, on the other hand,
any species should produce a variety having slightly increased powers of
preserving existence, that variety must inevitably in time acquire a
superiority in numbers. These results must follow as surely as old age,
intemperance, or scarcity of food produce an increased mortality. In both
cases there may be many individual exceptions; but on the average the rule
will invariably be found to hold good. All varieties will therefore fall
into two classes- those which under the same conditions would never reach
the population of the parent species, and those which would in time obtain
and keep a numerical superiority. Now, let some alteration of physical
conditions occur in the district- a long period of drought, a destruction of
vegetation by locusts, the irruption of some new carnivorous animal seeking
"pastures new"- any change in fact tending to render existence more
difficult to the species in question, and tasking its utmost powers to avoid
complete extermination; it is evident that, of all the individuals composing
the species, those forming the least numerous and most feebly organized
variety would suffer first, and, were the pressure severe, must soon become
extinct. The same causes continuing in action, the parent species would next
suffer, would gradually diminish in numbers, and with a recurrence of
similar unfavourable conditions might also become extinct. The superior
variety would then alone remain, and on a return to favourable circumstances
would rapidly increase in numbers and occupy the place of the extinct
species and variety.

Superior Varieties will ultimately Extirpate the original Species.

The variety would now have replaced the species, of which it would be a more
perfectly developed and more highly organized form. It would be in all



respects better adapted to secure its safety, and to prolong its individual
existence and that of the race. Such a variety could not return to the
original form; for that form is an inferior one, and could never compete
with it for existence. Granted, therefore, a "tendency" to reproduce the
original type of the species, still the variety must ever remain
preponderant in numbers, and under adverse physical conditions again alone
survive. But this new, improved, and populous race might itself, in course
of time, give rise to new varieties, exhibiting several diverging
modifications of form, any of which, tending to increase the facilities for
preserving existence, must by the same general law, in their turn become
predominant. Here, then, we have progression and continued divergence
deduced from the general laws which regulate the existence of animals in a
state of nature, and from the undisputed fact that varieties do frequently
occur. It is not, however, contended that this result would be invariable; a
change of physical conditions in the district might at times materially
modify it, rendering the race which had been the most capable of supporting
existence under the former conditions now the least so, and even causing the
extinction of the newer and, for a time, superior race, while the old or
parent species and its first inferior varieties continued to flourish.
Variations in unimportant parts might also occur, having no perceptible
effect on the life-preserving powers; and the varieties so furnished might
run a course parallel with the parent species, either giving rise to further
variations or returning to the former type. All we argue for is, that
certain varieties have a tendency to maintain their existence longer than
the original species, and this tendency must make itself felt; for though
the doctrine of chances or averages can never be trusted to on a limited
scale, yet, if applied to high numbers, the results come nearer to what
theory demands, and, as we approach to an infinity of examples, become
strictly accurate. Now the scale on which nature works is so vast- the
numbers of individuals and periods of time with which she deals approach so
near to infinity, that any cause, however slight, and however liable to be
veiled and counteracted by accidental circumstances, must in the end produce
its full legitimate results.

The Partial Reversion of Domesticated Varieties explained.

Let us now turn to domesticated animals, and inquire how varieties produced
among them are affected by the principles here enunciated. The essential
difference in the condition of wild and domestic animals is this,- that
among the former, their well-being and very existence depend upon the full
exercise and healthy condition of all their senses and physical powers,
whereas, among the latter, these are only partially exercised, and in some
cases are absolutely unused. A wild animal has to search, and often to
labour, for every mouthful of food- to exercise sight, hearing, and smell in
seeking it, and in avoiding dangers, in procuring shelter from the
inclemency of the seasons, and in providing for the subsistence and safety



of its offspring. There is no muscle of its body that is not called into
daily and hourly activity; there is no sense or faculty that is not
strengthened by continual exercise. The domestic animal, on the other hand,
has food provided for it, is sheltered, and often confined, to guard it
against the vicissitudes of the seasons, is carefully secured from the
attacks of its natural enemies, and seldom even rears its young without
human assistance. Half of its senses and faculties are quite useless; and
the other half are but occasionally called into feeble exercise, while even
its muscular system is only irregularly called into action.

Now when a variety of such an animal occurs, having increased power or
capacity in any organ or sense, such increase is totally useless, is never
called into action, and may even exist without the animal ever becoming
aware of it. In the wild animal, on the contrary, all its faculties and
powers being brought into full action for the necessities of existence, any
increase becomes immediately available, is strengthened by exercise, and
must even slightly modify the food, the habits, and the whole economy of the
race. It creates as it were a new animal, one of superior powers, and which
will necessarily increase in numbers and outlive those inferior to it.

Again, in the domesticated animal all variations have an equal chance of
continuance; and those which would decidedly render a wild animal unable to
compete with its fellows and continue its existence are no disadvantage
whatever in a state of domesticity. Our quickly fattening pigs, short-legged
sheep, pouter pigeons, and poodle dogs could never have come into existence
in a state of nature, because the very first step towards such inferior
forms would have led to the rapid extinction of the race; still less could
they now exist in competition with their wild allies. The great speed but
slight endurance of the race horse, the unwielding strength of the
ploughman's team, would both be useless in a state of nature. If turned wild
on the pampas, such animals would probably soon become extinct, or under
favorable circumstances might each lose those extreme qualities which would
never be called into action, and in a few generations would revert to a
common type, which must be that in which the various powers and faculties
are so proportioned to each other as to be best adapted to procure food and
secure safety,- that in which by the full exercise of every part of his
organization the animal can alone continue to live. Domestic varieties, when
turned wild, must return to something near the type of the original wild
stock, or become altogether extinct.*

*That is, they will vary, and the variations which tend to adapt them to the
wild state, and therefore approximate them to wild animals, will be
preserved. Those individuals which do not vary sufficiently will perish.



Lamarck's Hypothesis very different from that now advanced.

We see, then, that no inferences as to varieties in a state of nature can be
deduced from the observation of those occurring among domestic animals. The
two are so much opposed to each other in every circumstance of their
existence, that what applies to the one is almost sure not to apply to the
other. Domestic animals are abnormal, irregular, artificial; they are
subject to varieties which never occur and never can occur in a state of
nature; their very existence depends altogether on human care: so far are
many of them removed from that just proportion of faculties, that true
balance of organization, by means of which alone an animal left to its own
resources can preserve its existence and continue its race.

The hypothesis of Lamarck- that progressive changes in species have been
produced by the attempts of animals to increase the development of their own
organs, and thus modify their structure and habits- has been repeatedly and
easily refuted by all writers on the subject of varieties and species, and
it seems to have been considered that when this was done the whole question
has been finally settled; but the view here developed renders such an
hypothesis quite unnecessary, by showing that similar results must be
produced by the action of principles constantly at work in nature. The
powerful retractile talons of the falcon- and the cat-tribes have not been
produced or increased by the volition of those animals; but among the
different varieties which occurred in the earlier and less highly organized
forms of these groups, those always survived longest which had the greatest
facilities for seizing their prey. Neither did the giraffe acquire its long
neck by desiring to reach the foliage of the more lofty shrubs, and
constantly stretching its neck for the purpose, but because any varieties
which occurred among its antitypes with a longer neck than usual at once
secured a fresh range of pasture over the same ground as their
shorter-necked companions, and on the first scarcity of food were thereby
enabled to outlive them. Even the peculiar colours of many animals,
especially insects, so closely resembling the soil or the leaves or the
trunks on which they habitually reside, are explained on the same principle;
for though in the course of ages varieties of many tints may have occurred,
yet those races having colours best adapted to concealment from their
enemies would inevitably survive the longest. We have also here an acting
cause to account for that balance so often observed in nature,- a deficiency
in one set of organs always being compensated by an increased development of
some others- powerful wings accompanying weak feet, or great velocity making
up for the absence of defensive weapons; for it has been shown that all
varieties in which an unbalanced deficiency occurred could not long continue
their existence. The action of this principle is exactly like that of the
centrifugal governor of the steam engine, which checks and corrects any
irregularities almost before they become evident; and in like manner no
unbalanced deficiency in the animal kingdom can ever reach any conspicuous



magnitude, because it would make itself felt at the very first step, by
rendering existence difficult and extinction almost sure to follow. An
origin such as is here advocated will also agree with the peculiar character
of the modifications of form and structure which obtain in organized beings-
the many lines of divergence from a central type, the increasing efficiency
and power of a particular organ through a succession of allied species, and
the remarkable persistence of unimportant parts such as colour, texture of
plumage and hair, form of horns or crests, through a series of species
differing considerably in more essential characters. It also furnishes us
with a reason for that "more specialized structure" which Professor Owen
states to be a characteristic of recent compared with extinct forms, and
which would evidently be the result of the progressive modification of any
organ applied to a special purpose in the animal economy.

Conclusion.

We believe we have now shown that there is a tendency in nature to the
continued progression of certain classes of varieties further and further
from the original type- a progression to which there appears no reason to
assign any definite limits- and that the same principle which produces this
result in a state of nature will also explain why domestic varieties have a
tendency to revert to the original type. This progression, by minute steps,
in various directions, but always checked and balanced by the necessary
conditions, subject to which alone existence can be preserved, may, it is
believed, be followed out so as to agree with all the phenomena presented by
organized beings, their extinction and succession in past ages, and all the
extraordinary modifications of form, instinct, and habits which they
exhibit.

Written at Ternate, February, 1858



CHAPTER I.

PHYSICAL GEOGRAPHY.

From a look at a globe or a map of the Eastern hemisphere, we shall perceive between Asia and Australia a
number of large and small islands forming a connected group distinct from those great masses of land, and
having little connection with either of them. Situated upon the Equator, and bathed by the tepid water of the
great tropical oceans, this region enjoys a climate more uniformly hot and moist than almost any other part of
the globe, and teems with natural productions which are elsewhere unknown. The richest of fruits and the
most precious of spices are Indigenous here. It produces the giant flowers of the Rafflesia, the great
green-winged Ornithoptera (princes among the butterfly tribes), the man-like Orangutan, and the gorgeous
Birds of Paradise. It is inhabited by a peculiar and interesting race of mankind--the Malay, found nowhere
beyond the limits of this insular tract, which has hence been named the Malay Archipelago.

To the ordinary Englishman this is perhaps the least known part of the globe. Our possessions in it are few
and scanty; scarcely any of our travellers go to explore it; and in many collections of maps it is almost
ignored, being divided between Asia and the Pacific Islands. It thus happens that few persons realize that, as a
whole, it is comparable with the primary divisions of the globe, and that some of its separate islands are larger
than France or the Austrian Empire. The traveller, however, soon acquires different ideas. He sails for days or
even weeks along the shores of one of these great islands, often so great that its inhabitants believe it to be a
vast continent. He finds that voyages among these islands are commonly reckoned by weeks and months, and
that their several inhabitants are often as little known to each other as are the native races of the northern to
those of the southern continent of America. He soon comes to look upon this region as one apart from the rest
of the world, with its own races of men and its own aspects of nature; with its own ideas, feelings, customs,
and modes of speech, and with a climate, vegetation, and animated life altogether peculiar to itself.

From many points of view these islands form one compact geographical whole, and as such they have always
been treated by travellers and men of science; but, a more careful and detailed study of them under various
aspects reveals the unexpected fact that they are divisible into two portions nearly equal in extent which differ
widely in their natural products, and really form two parts of the primary divisions of the earth. I have been
able to prove this in considerable detail by my observations on the natural history of the various parts of the
Archipelago; and, as in the description of my travels and residence in the several islands I shall have to refer
continually to this view, and adduce facts in support of it, I have thought it advisable to commence with a
general sketch of the main features of the Malayan region as will render the facts hereafter brought forward
more interesting, and their bearing upon the general question more easily understood. I proceed, therefore, to
sketch the limits and extent of the Archipelago, and to point out the more striking features of its geology,
physical geography, vegetation, and animal life.

Definition and Boundaries.--For reasons which depend mainly on the distribution of animal life, I consider the
Malay Archipelago to include the Malay Peninsula as far as Tenasserim and the Nicobar Islands on the west,
the Philippines on the north, and the Solomon Islands, beyond New Guinea, on the east. All the great islands
included within these limits are connected together by innumerable smaller ones, so that no one of them seems
to be distinctly separated from the rest. With but few exceptions all enjoy an uniform and very similar climate,
and are covered with a luxuriant forest vegetation. Whether we study their form and distribution on maps, or
actually travel from island to island, our first impression will be that they form a connected whole, all the
parts of which are intimately related to each other.

Extent of the Archipelago and Islands.--The Malay Archipelago extends for more than 4,000 miles in length
from east to west, and is about 1,300 in breadth from north to south. It would stretch over an expanse equal to
that of all Europe from the extreme west far into Central Asia, or would cover the widest parts of South
America, and extend far beyond the land into the Pacific and Atlantic oceans. It includes three islands larger
than Great Britain; and in one of them, Borneo, the whole of the British Isles might be set down, and would be
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surrounded by a sea of forests. New Guinea, though less compact in shape, is probably larger than Borneo.
Sumatra is about equal in extent to Great Britain; Java, Luzon, and Celebes are each about the size of Ireland.
Eighteen more islands are, on the average, as large as Jamaica; more than a hundred are as large as the Isle of
Wight; while the isles and islets of smaller size are innumerable.

The absolute extent of land in the Archipelago is not greater than that contained by Western Europe from
Hungary to Spain; but, owing to the manner in which the land is broken up and divided, the variety of its
productions is rather in proportion to the immense surface over which the islands are spread, than to the
quantity of land which they contain.

Geological Contrasts.--One of the chief volcanic belts upon the globe passes through the Archipelago, and
produces a striking contrast in the scenery of the volcanic and non-volcanic islands. A curving line, marked
out by scores of active, and hundreds of extinct, volcanoes may be traced through the whole length of Sumatra
and Java, and thence by the islands of Bali, Lombock, Sumbawa, Flores, the Serwatty Islands, Banda,
Amboyna, Batchian, Makian, Tidore, Ternate, and Gilolo, to Morty Island. Here there is a slight but
well-marked break, or shift, of about 200 miles to the westward, where the volcanic belt begins again in North
Celebes, and passes by Sian and Sanguir to the Philippine Islands along the eastern side of which it continues,
in a curving line, to their northern extremity. From the extreme eastern bend of this belt at Banda, we pass
onwards for 1,000 miles over a non- volcanic district to the volcanoes observed by Dampier, in 1699, on the
north-eastern coast of New Guinea, and can there trace another volcanic belt through New Britain, New
Ireland, and the Solomon Islands, to the eastern limits of the Archipelago.

In the whole region occupied by this vast line of volcanoes, and for a considerable breadth on each side of it,
earthquakes are of continual recurrence, slight shocks being felt at intervals of every few weeks or months,
while more severe ones, shaking down whole villages, and doing more or less injury to life and property, are
sure to happen, in one part or another of this district, almost every year. On many of the islands the years of
the great earthquakes form the chronological epochs of the native inhabitants, by the aid of which the ages of
their children are remembered, and the dates of many important events are determined.

I can only briefly allude to the many fearful eruptions that have taken place in this region. In the amount of
injury to life and property, and in the magnitude of their effects, they have not been surpassed by any upon
record. Forty villages were destroyed by the eruption of Papandayang in Java, in 1772, when the whole
mountain was blown up by repeated explosions, and a large lake left in its place. By the great eruption of
Tomboro in Sumbawa, in 1815, 12,000 people were destroyed, and the ashes darkened the air and fell thickly
upon the earth and sea for 300 miles around. Even quite recently, since I left the country, a mountain which
had been quiescent for more than 200 years suddenly burst into activity. The island of Makian, one of the
Moluccas, was rent open in 1646 by a violent eruption which left a huge chasm on one side, extending into the
heart of the mountain. It was, when I last visited it in 1860, clothed with vegetation to the summit, and
contained twelve populous Malay villages. On the 29th of December, 1862, after 215 years of perfect
inaction, it again suddenly burst forth, blowing up and completely altering the appearance of the mountain,
destroying the greater part of the inhabitants, and sending forth such volumes of ashes as to darken the air at
Ternate, forty miles off, and to almost entirely destroy the growing crops on that and the surrounding islands.

The island of Java contains more volcanoes, active and extinct, than any other known district of equal extent.
They are about forty-five in number, and many of them exhibit most beautiful examples of the volcanic cone
on a large scale, single or double, with entire or truncated summits, and averaging 10,000 feet high.

It is now well ascertained that almost all volcanoes have been slowly built up by the accumulation of
matter--mud, ashes, and lava--ejected by themselves. The openings or craters, however, frequently shift their
position, so that a country may be covered with a more or less irregular series of hills in chains and masses,
only here and there rising into lofty cones, and yet the whole may be produced by true volcanic action. In this
manner the greater part of Java has been formed. There has been some elevation, especially on the south
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coast, where extensive cliffs of coral limestone are found; and there may be a substratum of older stratified
rocks; but still essentially Java is volcanic, and that noble and fertile island--the very garden of the East, and
perhaps upon the whole the richest, the best cultivated, and the best governed tropical island in the
world--owes its very existence to the same intense volcanic activity which still occasionally devastates its
surface.

The great island of Sumatra exhibits, in proportion to its extent, a much smaller number of volcanoes, and a
considerable portion of it has probably a non-volcanic origin.

To the eastward, the long string of islands from Java, passing by the north of Timor and away to Panda, are
probably all due to volcanic action. Timor itself consists of ancient stratified rocks, but is said to have one
volcano near its centre.

Going northward, Amboyna, a part of Bouru, and the west end of Ceram, the north part of Gilolo, and all the
small islands around it, the northern extremity of Celebes, and the islands of Sian and Sang-air, are wholly
volcanic. The Philippine Archipelago contains many active and extinct volcanoes, and has probably been
reduced to its present fragmentary condition by subsidences attending on volcanic action.

All along this great line of volcanoes are to be found more or less palpable signs of upheaval and depression
of land. The range of islands south of Sumatra, a part of the south coast of Java and of the islands east of it,
the west and east end of Timor, portions of all the Moluccas, the Ke and Aru Islands, Waigiou, and the whole
south and east of Gilolo, consist in a great measure of upraised coral-rock, exactly corresponding to that now
forming in the adjacent seas. In many places I have observed the unaltered surfaces of the elevated reefs, with
great masses of coral standing up in their natural position, and hundreds of shells so fresh-looking that it was
hard to believe that they had been more than a few years out of the water; and, in fact, it is very probable that
such changes have occurred within a few centuries.

The united lengths of these volcanic belts is about ninety degrees, or one-fourth of the entire circumference of
the globe. Their width is about fifty miles; but, for a space of two hundred miles on each side of them,
evidences of subterranean action are to be found in recently elevated coral-rock, or in barrier coral- reefs,
indicating recent submergence. In the very centre or focus of the great curve of volcanoes is placed the large
island of Borneo, in which no sign of recent volcanic action has yet been observed, and where earthquakes, so
characteristic of the surrounding regions, are entirely unknown. The equally large island of New Guinea
occupies another quiescent area, on which no sign of volcanic action has yet been discovered. With the
exception of the eastern end of its northern peninsula, the large and curiously-shaped island of Celebes is also
entirely free from volcanoes; and there is some reason to believe that the volcanic portion has once formed a
separate island. The Malay Peninsula is also non-volcanic.

The first and most obvious division of the Archipelago would therefore be into quiescent and volcanic
regions, and it might, perhaps, be expected that such a division would correspond to some differences in the
character of the vegetation and the forms of life. This is the case, however, to a very limited extent; and we
shall presently see that, although this development of subterranean fires is on so vast a scale--has piled up
chains of mountains ten or twelve thousand feet high--has broken up continents and raised up islands from the
ocean--yet it has all the character of a recent action which has not yet succeeded in obliterating the traces of a
more ancient distribution of land and water.

Contrasts of Vegetation.--Placed immediately upon the Equator and surrounded by extensive oceans, it is not
surprising that the various islands of the Archipelago should be almost always clothed with a forest vegetation
from the level of the sea to the summits of the loftiest mountains. This is the general rule. Sumatra, New
Guinea, Borneo, the Philippines and the Moluccas, and the uncultivated parts of Java and Celebes, are all
forest countries, except a few small and unimportant tracts, due perhaps, in some cases, to ancient cultivation
or accidental fires. To this, however, there is one important exception in the island of Timor and all the
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smaller islands around it, in which there is absolutely no forest such as exists in the other islands, and this
character extends in a lesser degree to Flores, Sumbawa, Lombock, and Bali.

In Timor the most common trees are Eucalypti of several species, also characteristic of Australia, with
sandalwood, acacia, and other sorts in less abundance. These are scattered over the country more or less
thickly, but, never so as to deserve the name of a forest. Coarse and scanty grasses grow beneath them on the
more barren hills, and a luxuriant herbage in the moister localities. In the islands between Timor and Java
there is often a more thickly wooded country abounding in thorny and prickly trees. These seldom reach any
great height, and during the force of the dry season they almost completely lose their leaves, allowing the
ground beneath them to be parched up, and contrasting strongly with the damp, gloomy, ever-verdant forests
of the other islands. This peculiar character, which extends in a less degree to the southern peninsula of
Celebes and the east end of Java, is most probably owing to the proximity of Australia. The south-east
monsoon, which lasts for about two-thirds of the year (from March to November), blowing over the northern
parts of that country, produces a degree of heat and dryness which assimilates the vegetation and physical
aspect of the adjacent islands to its own. A little further eastward in Timor and the Ke Islands, a moister
climate prevails; the southeast winds blowing from the Pacific through Torres Straits and over the damp
forests of New Guinea, and as a consequence, every rocky islet is clothed with verdure to its very summit.
Further west again, as the same dry winds blow over a wider and wider extent of ocean, they have time to
absorb fresh moisture, and we accordingly find the island of Java possessing a less and less arid climate, until
in the extreme west near Batavia, rain occurs more or less all the year round, and the mountains are
everywhere clothed with forests of unexampled luxuriance.

Contrasts in Depth of Sea.--It was first pointed out by Mr. George Windsor Earl, in a paper read before the
Royal Geographical Society in 1845, and subsequently in a pamphlet "On the Physical Geography of
South-Eastern Asia and Australia", dated 1855, that a shallow sea connected the great islands of Sumatra,
Java, and Borneo with the Asiatic continent, with which their natural productions generally agreed; while a
similar shallow sea connected New Guinea and some of the adjacent islands to Australia, all being
characterised by the presence of marsupials.

We have here a clue to the most radical contrast in the Archipelago, and by following it out in detail I have
arrived at the conclusion that we can draw a line among the islands, which shall so divide them that one-half
shall truly belong to Asia, while the other shall no less certainly be allied to Australia. I term these
respectively the Indo-Malayan and the Austro-Malayan divisions of the Archipelago.

On referring to pages 12, 13, and 36 of Mr. Earl's pamphlet, it will be seen that he maintains the former
connection of Asia and Australia as an important part of his view; whereas, I dwell mainly on their long
continued separation. Notwithstanding this and other important differences between us, to him undoubtedly
belongs the merit of first indicating the division of the Archipelago into an Australian and an Asiatic region,
which it has been my good fortune to establish by more detailed observations.

Contrasts in Natural Productions.--To understand the importance of this class of facts, and its bearing upon the
former distribution of land and sea, it is necessary to consider the results arrived at by geologists and
naturalists in other parts of the world.

It is now generally admitted that the present distribution of living things on the surface of the earth is mainly
the result of the last series of changes that it has undergone. Geology teaches us that the surface of the land,
and the distribution of land and water, is everywhere slowly changing. It further teaches us that the forms of
life which inhabit that surface have, during every period of which we possess any record, been also slowly
changing.

It is not now necessary to say anything about how either of those changes took place; as to that, opinions may
differ; but as to the fact that the changes themselves have occurred, from the earliest geological ages down to
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the present day, and are still going on, there is no difference of opinion. Every successive stratum of
sedimentary rock, sand, or gravel, is a proof that changes of level have taken place; and the different species
of animals and plants, whose remains are found in these deposits, prove that corresponding changes did occur
in the organic world.

Taking, therefore, these two series of changes for granted, most of the present peculiarities and anomalies in
the distribution of species may be directly traced to them. In our own islands, with a very few trifling
exceptions, every quadruped, bird, reptile, insect, and plant, is found also on the adjacent continent. In the
small islands of Sardinia and Corsica, there are some quadrupeds and insects, and many plants, quite peculiar.
In Ceylon, more closely connected to India than Britain is to Europe, many animals and plants are different
from those found in India, and peculiar to the island. In the Galapagos Islands, almost every indigenous living
thing is peculiar to them, though closely resembling other kinds found in the nearest parts of the American
continent.

Most naturalists now admit that these facts can only be explained by the greater or less lapse of time since the
islands were upraised from beneath the ocean, or were separated from the nearest land; and this will be
generally (though not always) indicated by the depth of the intervening sea. The enormous thickness of many
marine deposits through wide areas shows that subsidence has often continued (with intermitting periods of
repose) during epochs of immense duration. The depth of sea produced by such subsidence will therefore
generally be a measure of time; and in like manner, the change which organic forms have undergone is a
measure of time. When we make proper allowance for the continued introduction of new animals and plants
from surrounding countries by those natural means of dispersal which have been so well explained by Sir
Charles Lyell and Mr. Darwin, it is remarkable how closely these two measures correspond. Britain is
separated from the continent by a very shallow sea, and only in a very few cases have our animals or plants
begun to show a difference from the corresponding continental species. Corsica and Sardinia, divided from
Italy by a much deeper sea, present a much greater difference in their organic forms. Cuba, separated from
Yucatan by a wider and deeper strait, differs more markedly, so that most of its productions are of distinct and
peculiar species; while Madagascar, divided from Africa by a deep channel three hundred miles wide,
possesses so many peculiar features as to indicate separation at a very remote antiquity, or even to render it
doubtful whether the two countries have ever been absolutely united.

Returning now to the Malay Archipelago, we find that all the wide expanse of sea which divides Java,
Sumatra, and Borneo from each other, and from Malacca and Siam, is so shallow that ships can anchor in any
part of it, since it rarely exceeds forty fathoms in depth; and if we go as far as the line of a hundred fathoms,
we shall include the Philippine Islands and Bali, east of Java. If, therefore, these islands have been separated
from each other and the continent by subsidence of the intervening tracts of land, we should conclude that the
separation has been comparatively recent, since the depth to which the land has subsided is so small. It is also
to be remarked that the great chain of active volcanoes in Sumatra and Java furnishes us with a sufficient
cause for such subsidence, since the enormous masses of matter they have thrown out would take away the
foundations of the surrounding district; and this may be the true explanation of the often-noticed fact that
volcanoes and volcanic chains are always near the sea. The subsidence they produce around them will, in
time, make a sea, if one does not already exist.

But, it is when we examine the zoology of these countries that we find what we most require--evidence of a
very striking character that these great islands must have once formed a part of the continent, and could only
have been separated at a very recent geological epoch. The elephant and tapir of Sumatra and Borneo, the
rhinoceros of Sumatra and the allied species of Java, the wild cattle of Borneo and the kind long supposed to
be peculiar to Java, are now all known to inhabit some part or other of Southern Asia. None of these large
animals could possibly have passed over the arms of the sea which now separate these countries, and their
presence plainly indicates that a land communication must have existed since the origin of the species. Among
the smaller mammals, a considerable portion are common to each island and the continent; but the vast
physical changes that must have occurred during the breaking up and subsidence of such extensive regions
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have led to the extinction of some in one or more of the islands, and in some cases there seems also to have
been time for a change of species to have taken place. Birds and insects illustrate the same view, for every
family and almost every genus of these groups found in any of the islands occurs also on the Asiatic continent,
and in a great number of cases the species are exactly identical. Birds offer us one of the best means of
determining the law of distribution; for though at first sight it would appear that the watery boundaries which
keep out the land quadrupeds could be easily passed over by birds, yet practically it is not so; for if we leave
out the aquatic tribes which are preeminently wanderers, it is found that the others (and especially the
Passeres, or true perching-birds, which form the vast majority) are generally as strictly limited by straits and
arms of the sea as are quadrupeds themselves. As an instance, among the islands of which I am now speaking,
it is a remarkable fact that Java possesses numerous birds which never pass over to Sumatra, though they are
separated by a strait only fifteen miles wide, and with islands in mid-channel. Java, in fact, possesses more
birds and insects peculiar to itself than either Sumatra or Borneo, and this would indicate that it was earliest
separated from the continent; next in organic individuality is Borneo, while Sumatra is so nearly identical in
all its animal forms with the peninsula of Malacca, that we may safely conclude it to have been the most
recently dismembered island.

The general result therefore, at which we arrive, is that the great islands of Java, Sumatra, and Borneo
resemble in their natural productions the adjacent parts of the continent, almost as much as such
widely-separated districts could be expected to do even if they still formed a part of Asia; and this close
resemblance, joined with the fact of the wide extent of sea which separates them being so uniformly and
remarkably shallow, and lastly, the existence of the extensive range of volcanoes in Sumatra and Java, which
have poured out vast quantities of subterranean matter and have built up extensive plateaux and lofty
mountain ranges, thus furnishing a vera causa for a parallel line of subsidence--all lead irresistibly to the
conclusion that at a very recent geological epoch, the continent of Asia extended far beyond its present limits
in a south- easterly direction, including the islands of Java, Sumatra, and Borneo, and probably reaching as far
as the present 100-fathom line of soundings.

The Philippine Islands agree in many respects with Asia and the other islands, but present some anomalies,
which seem to indicate that they were separated at an earlier period, and have since been subject to many
revolutions in their physical geography.

Turning our attention now to the remaining portion of the Archipelago, we shall find that all the islands from
Celebes and Lombock eastward exhibit almost as close a resemblance to Australia and New Guinea as the
Western Islands do to Asia. It is well known that the natural productions of Australia differ from those of Asia
more than those of any of the four ancient quarters of the world differ from each other. Australia, in fact,
stands alone: it possesses no apes or monkeys, no cats or tigers, wolves, bears, or hyenas; no deer or
antelopes, sheep or oxen; no elephant, horse, squirrel, or rabbit; none, in short, of those familiar types of
quadruped which are met with in every other part of the world. Instead of these, it has Marsupials only:
kangaroos and opossums; wombats and the duckbilled Platypus. In birds it is almost as peculiar. It has no
woodpeckers and no pheasants--families which exist in every other part of the world; but instead of them it
has the mound-making brush-turkeys, the honeysuckers, the cockatoos, and the brush-tongued lories, which
are found nowhere else upon the globe. All these striking peculiarities are found also in those islands which
form the Austro-Malayan division of the Archipelago.

The great contrast between the two divisions of the Archipelago is nowhere so abruptly exhibited as on
passing from the island of Bali to that of Lombock, where the two regions are in closest proximity. In Bali we
have barbets, fruit-thrushes, and woodpeckers; on passing over to Lombock these are seen no more, but we
have abundance of cockatoos, honeysuckers, and brush- turkeys, which are equally unknown in Bali, or any
island further west. [I was informed, however, that there were a few cockatoos at one spot on the west of Bali,
showing that the intermingling of the productions of these islands is now going on.] The strait is here fifteen
miles wide, so that we may pass in two hours from one great division of the earth to another, differing as
essentially in their animal life as Europe does from America. If we travel from Java or Borneo to Celebes or
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the Moluccas, the difference is still more striking. In the first, the forests abound in monkeys of many kinds,
wild cats, deer, civets, and otters, and numerous varieties of squirrels are constantly met with. In the latter
none of these occur; but the prehensile- tailed Cuscus is almost the only terrestrial mammal seen, except wild
pigs, which are found in all the islands, and deer (which have probably been recently introduced) in Celebes
and the Moluccas. The birds which are most abundant in the Western Islands are woodpeckers, barbets,
trogons, fruit-thrushes, and leaf-thrushes; they are seen daily, and form the great ornithological features of the
country. In the Eastern Islands these are absolutely unknown, honeysuckers and small lories being the most
common birds, so that the naturalist feels himself in a new world, and can hardly realize that he has passed
from the one region to the other in a few days, without ever being out of sight of land.

The inference that we must draw from these facts is, undoubtedly, that the whole of the islands eastwards
beyond Java and Borneo do essentially form a part of a former Australian or Pacific continent, although some
of them may never have been actually joined to it. This continent must have been broken up not only before
the Western Islands were separated from Asia, but probably before the extreme southeastern portion of Asia
was raised above the waters of the ocean; for a great part of the land of Borneo and Java is known to be
geologically of quite recent formation, while the very great difference of species, and in many cases of genera
also, between the productions of the Eastern Malay Islands and Australia, as well as the great depth of the sea
now separating them, all point to a comparatively long period of isolation.

It is interesting to observe among the islands themselves how a shallow sea always intimates a recent land
connexion. The Aru Islands, Mysol, and Waigiou, as well as Jobie, agree with New Guinea in their species of
mammalia and birds much more closely than they do with the Moluccas, and we find that they are all united
to New Guinea by a shallow sea. In fact, the 100-fathom line round New Guinea marks out accurately the
range of the true Paradise birds.

It is further to be noted--and this is a very interesting point in connection with theories of the dependence of
special forms of life on external conditions--that this division of the Archipelago into two regions
characterised by a striking diversity in their natural productions does not in any way correspond to the main
physical or climatal divisions of the surface. The great volcanic chain runs through both parts, and appears to
produce no effect in assimilating their productions. Borneo closely resembles New Guinea not only in its vast
size and its freedom from volcanoes, but in its variety of geological structure, its uniformity of climate, and
the general aspect of the forest vegetation that clothes its surface. The Moluccas are the counterpart of the
Philippines in their volcanic structure, their extreme fertility, their luxuriant forests, and their frequent
earthquakes; and Bali with the east end of Java has a climate almost as dry and a soil almost as arid as that of
Timor. Yet between these corresponding groups of islands, constructed as it were after the same pattern,
subjected to the same climate, and bathed by the same oceans, there exists the greatest possible contrast when
we compare their animal productions. Nowhere does the ancient doctrine--that differences or similarities in
the various forms of life that inhabit different countries are due to corresponding physical differences or
similarities in the countries themselves--meet with so direct and palpable a contradiction. Borneo and New
Guinea, as alike physically as two distinct countries can be, are zoologically wide as the poles asunder; while
Australia, with its dry winds, its open plains, its stony deserts, and its temperate climate, yet produces birds
and quadrupeds which are closely related to those inhabiting the hot damp luxuriant forests, which
everywhere clothe the plains and mountains of New Guinea.

In order to illustrate more clearly the means by which I suppose this great contrast has been brought about, let
us consider what would occur if two strongly contrasted divisions of the earth were, by natural means, brought
into proximity. No two parts of the world differ so radically in their productions as Asia and Australia, but the
difference between Africa and South America is also very great, and these two regions will well serve to
illustrate the question we are considering. On the one side we have baboons, lions, elephants, buffaloes, and
giraffes; on the other spider-monkeys, pumas, tapirs, anteaters, and sloths; while among birds, the hornbills,
turacos, orioles, and honeysuckers of Africa contrast strongly with the toucans, macaws, chatterers, and
hummingbirds of America.
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Now let us endeavour to imagine (what it is very probable may occur in future ages) that a slow upheaval of
the bed of the Atlantic should take place, while at the same time earthquake- shocks and volcanic action on
the land should cause increased volumes of sediment to be poured down by the rivers, so that the two
continents should gradually spread out by the addition of newly-formed lands, and thus reduce the Atlantic
which now separates them, to an arm of the sea a few hundred miles wide. At the same time we may suppose
islands to be upheaved in mid- channel; and, as the subterranean forces varied in intensity, and shifted their
points of greatest action, these islands would sometimes become connected with the land on one side or other
of the strait, and at other times again be separated from it. Several islands would at one time be joined
together, at another would be broken up again, until at last, after many long ages of such intermittent action,
we might have an irregular archipelago of islands filling up the ocean channel of the Atlantic, in whose
appearance and arrangement we could discover nothing to tell us which had been connected with Africa and
which with America. The animals and plants inhabiting these islands would, however, certainly reveal this
portion of their former history. On those islands which had ever formed a part of the South American
continent, we should be sure to find such common birds as chatterers and toucans and hummingbirds, and
some of the peculiar American quadrupeds; while on those which had been separated from Africa, hornbills,
orioles, and honeysuckers would as certainly be found. Some portion of the upraised land might at different
times have had a temporary connection with both continents, and would then contain a certain amount of
mixture in its living inhabitants. Such seems to have been the case with the islands of Celebes and the
Philippines. Other islands, again, though in such close proximity as Bali and Lombock, might each exhibit an
almost unmixed sample of the productions of the continents of which they had directly or indirectly once
formed a part.

In the Malay Archipelago we have, I believe, a case exactly parallel to that which I have here supposed. We
have indications of a vast continent, with a peculiar fauna and flora having been gradually and irregularly
broken up; the island of Celebes probably marking its furthest westward extension, beyond which was a wide
ocean. At the same time Asia appears to have been extending its limits in a southeast direction, first in an
unbroken mass, then separated into islands as we now see it, and almost coming into actual contact with the
scattered fragments of the great southern land.

From this outline of the subject, it will be evident how important an adjunct Natural History is to Geology; not
only in interpreting the fragments of extinct animals found in the earth's crust, but in determining past changes
in the surface which have left no geological record. It is certainly a wonderful and unexpected fact that an
accurate knowledge of the distribution of birds and insects should enable us to map out lands and continents
which disappeared beneath the ocean long before the earliest traditions of the human race. Wherever the
geologist can explore the earth's surface, he can read much of its past history, and can determine
approximately its latest movements above and below the sea-level; but wherever oceans and seas now extend,
he can do nothing but speculate on the very limited data afforded by the depth of the waters. Here the
naturalist steps in, and enables him to fill up this great gap in the past history of the earth.

One of the chief objects of my travels was to obtain evidence of this nature; and my search after such evidence
has been rewarded by great success, so that I have been able to trace out with some probability the past
changes which one of the most interesting parts of the earth has undergone. It may be thought that the facts
and generalizations here given would have been more appropriately placed at the end rather than at the
beginning of a narrative of the travels which supplied the facts. In some cases this might be so, but I have
found it impossible to give such an account as I desire of the natural history of the numerous islands and
groups of islands in the Archipelago, without constant reference to these generalizations which add so much
to their interest. Having given this general sketch of the subject, I shall be able to show how the same
principles can be applied to the individual islands of a group, as to the whole Archipelago; and thereby make
my account of the many new and curious animals which inhabit them both, more interesting and more
instructive than if treated as mere isolated facts.

Contrasts of Races.--Before I had arrived at the conviction that the eastern and western halves of the
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Archipelago belonged to distinct primary regions of the earth, I had been led to group the natives of the
Archipelago under two radically distinct races. In this I differed from most ethnologists who had before
written on the subject; for it had been the almost universal custom to follow William von Humboldt and
Pritchard, in classing all the Oceanic races as modifications of one type. Observation soon showed me,
however, that Malays and Papuans differed radically in every physical, mental, and moral character; and more
detailed research, continued for eight years, satisfied me that under these two forms, as types, the whole of the
peoples of the Malay Archipelago and Polynesia could be classified. On drawing the line which separates
these races, it is found to come near to that which divides the zoological regions, but somewhat eastward of it;
a circumstance which appears to me very significant of the same causes having influenced the distribution of
mankind that have determined the range of other animal forms.

The reason why exactly the same line does not limit both is sufficiently intelligible. Man has means of
traversing the sea which animals do not possess; and a superior race has power to press out or assimilate an
inferior one. The maritime enterprise and higher civilization of the Malay races have enabled them to overrun
a portion of the adjacent region, in which they have entirely supplanted the indigenous inhabitants if it ever
possessed any; and to spread much of their language, their domestic animals, and their customs far over the
Pacific, into islands where they have but slightly, or not at all, modified the physical or moral characteristics
of the people.

I believe, therefore, that all the peoples of the various islands can be grouped either with the Malays or the
Papuans; and that these two have no traceable affinity to each other. I believe, further, that all the races east of
the line I have drawn have more affinity for each other than they have for any of the races west of that line;
that, in fact, the Asiatic races include the Malays, and all have a continental origin, while the Pacific races,
including all to the east of the former (except perhaps some in the Northern Pacific), are derived, not from any
existing continent, but from lands which now exist or have recently existed in the Pacific Ocean. These
preliminary observations will enable the reader better to apprehend the importance I attach to the details of
physical form or moral character, which I shall give in describing the inhabitants of many of the islands.
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THE QUARTERLY REVIEW 

of BIOLOGY 

WALLACE'S LINE IN THE LIGHT OF RECENT 
ZOOGEOGRAPHIC STUDIES 

BY ERNST MAYR 
American Museum of Natural History, New York 

Z OOGEOGRAPHY has had a fate very 
much like taxonomy. It was flourishing 
during the descriptive period of biological 
sciences. Its prestige, however, declined 
rapidly when experimental biology began 

to come to the foreground. Again as with taxon- 
omy, a new interest in zoogeography has been 
noticeable in recent years. It seems to me that 
this revival has had two causes. One is the 
interest of the student of geographic speciation 
in the findings of the zoogeographer. A study of 
past and present distributions yields much in- 
formation on isolation of populations and on the 
dispersal of species. It- is in this connection that 
I became interested in zoogeography. 

The other reason is the introduction of new 
methods. The intensive exploration of all corners 
of the globe during the past fifty years has led 
to an accumulation o; sufficient faunistic data 
to permit the application of statistical methods. 
Furthermore, the science of ecology has reached 
a level of maturity at which it is beginning to affect 
profoundly zoogeographic methods and principles. 
It seemed worth while to me to study the contro- 
versial and still wide open subject of the borderline 
between the Australian and Oriental Regions 
with the help of such modern methods. 

A. R. Wallace, who is generally considered the 
foremost representative of classical zoogeography, 
states in his famous essay On the zoological geog- 
raphy of the Malay Archipelago (1860): "The 
western and eastern islands of the archipelago 
belong to regions more distinct and contrasted 
than any other of the great zoological divisions 
of the globe. South America and Africa, separated 

by the Atlantic, do not differ so widely as Asia 
and Australia." There is much truth, in this 
statement. Except for bats and a few rodents, 
the only native mammals of Australia are marsu- 
pials and monotremes. These same two groups 
are entirely lacking in Asia and are replaced by a 
wide variety of placental mammals, such as mon- 
keys, shrews, squirrels, ungulates, and so forth. 
An equally pronounced faunal difference exists 
among birds, insects, and other groups of animals 
of the two regions. 

Australia and Asia are connected by a belt of 
islands, the Malay Archipelago, and the question 
naturally comes up as to where in this island 
region the borderline is to be drawn between these 
two fundamentally different faunas. After re- 
viewing the zoological evidence known to him, 
Wallace (l.c.) comes to the following conclusion: 
"We may consider it established that the Strait 
of Lombok [between Bali and Lombok] (only 15 
miles wide) marks the limit and abruptly separates 
two of the great zoological regions of the globe." 
With these words he drew a zoogeographic bound- 
ary which was destined to gain fame under the 
name of its author: "Wallace's Line," a term first 
used by Huxley (1868) (Fig.' 1). It runs between 
Bali and Lombok in the south, then through 
Makassar Strait between Borneo and Celebes, 
and finally turns into the open Pacific between 
Mindanao (Philippines) and the Sanghir Islands. 
This convenient borderline found quick acceptance 
in the zoological literature and was without 
hesitation adopted by nearly all 'the zoogeog- 
raphers publishing between 1860 and 1890. 
Sarasin (1901) and Pelseneer (1904) should be 
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2 THE QUARTERLY REVIEW OF BIOLOGY 

consulted for a historical survey of the earlier 
literature. The echo in the popular literature of 
this period was even more enthusiastic. A 
mysterious ljne, only 15 miles wide, that separates 
marsupials from tigers, and honey eaters and 
cockatoes from barbets and trogons, could not 
fail to appeal to the imagination of the layman. 

E. Haeckel (1893) outdid all his contemporaries 
by asserting: "Crossing the narrow but deep 
Lombok Strait we' go with a single step from 
the Present Era to the Mesozoicum." 

Statements of such exaggeration call for refuta- 
tion and shortly after 1890 doubts were expressed 
more and more frequently as to the validity of 
Wallace's Line, particularly after the distributional 

facts became better known. Wallace himself 
was much less positive in his later writings. Since 
then many writers have insisted that 'Wallace's 
Line was entirely imaginary (Weber (1902), 
Pelseneer (1904), Mertens (1930), Brongersma 
(1936), and others). Van Kampen (1909), for 
example, asserted: "Such a sharp boundary as 

Wallace drew it does not exist. Not only is there 
none where he drew it, but no such line exists 
anywhere in the archipelago." On the other 
hand, Wallace's Line has been vigorously defended 
by such serious,authors as Dickerson et al. (1928), 
Raven (1935), and Rensch (1936). Curiously 
enough most of the writers on this subject seem 
to be definitely in one or the other camp, either 
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WALLACE'0S LINE 3 

they are for Wallace's Line or they are against it, 
and they tend to present their data accordingly. 
Others treat one aspect only of this diversified 
problem. An impartial study of the situation is 
still lacking at the present time. 

Actually, a whole complex of questions is 
involved, of which the following seem to be the 
most important ones: 

(1) Is Wallace's Line the borderline between 
the Oriental and the Australian Regions, and if 
not, where is this borderline? 

(2) Does Wallace's Line represent the line of a 
major faunal break, and if this is true, how did 
such a break develop? 

IS WALLACE' S LINE THE BOUNDARY BETWEEN THE 
ORIENTAL AND THE AUSTRALIAN REGIONS? 

The fauna of the Malay Archipelago was rather 
poorly known in Wallace's days. Where he knew 
20 species of birds, we now know 120; where he 
knew 5 species of reptiles, we know 40, and so 
forth. This lack of information caused Wallace 
to single out what he considered typical represen- 
tatives of the respective faunas, and to use the 
borderline of their ranges as zoogeographic 
boundaries. The tiger, the squirrels and other 
mammals go as far east as Bali, but are absent 
from Lombok. Among birds the barbets (Capi- 
tonidae) and many other Oriental groups are 
abruptly brought to a halt by Lpmbok Strait. 
The Australian honeyeaters (genera Philemon and 
Meliphaga) and the cockatoe (Cacatua) reach 
Lombok, but not Bali.' The faunal difference 
on either side of Makassar Strait is even more 
striking: A rich Oriental fauna on Borneo and a 
marsupia'l (Phalanger) on Celebes. It was on the 
basis of such data that Wallace came to the con- 
clusion that Lombok and Makassar Straits form 
the boundary between the Oriental and the 
Australian Regions. 

An analysis of the now available extensive faunal 
lists does not bear out Wallace's conclusion. 
After eliminating a few widespread species, the 
fauna of each of the islands of the Malay Archipel- 
ago can be divided readily into two groups: One 
consists of western species, that is, species which 
are derived from the Oriental Fauna, the other 
of eastern species, that is, such which are derived 
from the Australian Fauna. In a few species 
it is apparent that the genus or the family to 
which they belong was originally of western origin, 
but that the particular species arrived in the 

island belt,frofii, fhe east as a descendant of a 
group of species that was isolated in Australia 
at an early date. Such secondarily eastern ele- 
ments, as Merops ornatus among the birds, are 
included with the eastern group. The classifica- 
tion of a few species will always remain open to 
doubt, but a different decision in these cases 
would change the percentages only slightly and 
would not basically affect the following figures. 
A specialist of a given group usually has no dif- 
ficulties in deciding which species are Indo- 
Malayan and which Australian. 

Celebes. Weber (1902), the Sarasins (1901), 
de Beaufort (1926), Stresemann (1939) and other 
recent authors agree that at least three fourths of 
the Celebes animals are of western origin. Ac- 
cording to Rensch (1936: 252) the figures are: 
Reptiles at least 88 per cent, Amphibia 80 per cent 

TABLE 1 
Percentage of western and eastern species on Lesser Sunda 

Islands 

REPTILES 
AND AM- BIRDS CHANGE 
PHIBIANS OF PER- 

CENTAGE 
IN BIRDS 

Western Western Eastern 

Per cent Per cent Per cent 

Bali .............. 94 87.0 13.0 14.5 
Lombok ........... 85 72.5 27.5 4.5 
Sumbawa. . . . . . . . . . 87 68.0 32.0 5.0 
Flores .78 63.0 37.0 5.5 
Alor Group . - 57.5 42.5 

and butterflies 86 per cent. In birds the figure is 
slightly lower. Among 74 species of Passerine 
birds 67.6 per cent are western. The percentage 
for the old endemics (genera and good species) 
and for the more recent immigrants is quite simi- 
lar. There is no doubt, Celebes must be in- 
cluded with the Oriental Region. 

Lesser Sunda Islands. Table 1 shows. the ratio 
of the western and the eastern elements 'on a 
number of islands (the data of reptiles and amphib- 
ians are from Mertens, 1930; the data on birds 
are original). Rensch's (1936) careful analysis 
shows that the Indo-Malayan element prevails 
numerically as far east as the islands of the Timor 
group. This is equally true for flying animals 
(birds and butterflies) and for flightless groups 
(mammals, land snails). 

The figures in Table 1 permit only a single con- 
clusion: Wallace's Line is not the borderline 
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4 THE QUARTERLY REVIEW OF BIOLOGY 

betweel the Australian and the Oriental Regions. 
The first of the questions asked above is thus 
answered in favor of Wallace's opponents. 

DOES WALLACE'S LINE INDICATE A MAJOR 
FAUNAL BREAK? 

The fact that Wallace's Line is not the border 
between the Oriental and the Australo-Papuan 
Regions is not the complete answer to our problem. 
A line which has been defended so vigorously 
by so many zoogeographers must have some 
significance. It is worthy of notice that its 
staunchest defenders were those naturalists who 
actually studied and collected the animal life on 
both sides of the line, like Dickerson and his 
associates in the Philippines, like Raven who 
repeatedly crossed Makassar Strait in a sail boat 
from Borneo to Celebes and back, and like Wallace 
and Rensch who crossed back and forth between 
Bali and Lombok. The actual impressions of 
these workers are vividly depicted in a quotation 
from\ one of Rensch's books. Arriving on Bali 
after a prolonged exploration of Lombok, Sumbawa 
and Flores, he asks himself: 

"What about the animal life? Is it really as different 
from that of Lombok, as has been claimed by so many 
other travellers? Is the small strait between the two 
islands actually a sharp faunal division? A strait, 
which even the smallest bird could cross without any 
difficulties? ... And the difference is indeed quite extra- 
ordinary! Much more conspicuous than I would have 
eyer imagined. As soon as I entered the woods on a 
sgall native trail a whole chorus of strange bird songs 
greets me-in fact, among the real songsters there is 
not a single one with which I was familiar [from the 
islands east of Wallace's Line].... One surprise follows 
the other. The very species that are most common on 
Bali, are absent on the islands to the east. The most 
characteristic bird of these woods is a green barbet . . . 
it belongs to the family Capitonidae which is entirely 
absent oh Lombok! The woodpeckers also, which are 
represente'd on the islands farther east by a single spe- 
cies only, are found on Bali in five different species. 
On the other hand I missed a whole number of species 
of birds which are characteristic for the islands visited 
previously.. ." (Rensch 1930). 

An unemotional statistical analysis of the 
faunal data tends to support Rensch's assertions. 
The most striking feature of Wallace's Line is that 
it separates a zone with a rich animal life from 
a badly impoverished one. Borneo has about 
420 species of breeding birds, Celebes only 220. 
Java has about 340 breeding species, Lombok only 

120. It is even more true for freshwater fish: 
Borneo has 162 species'of the carp family Cyprini- 
dae, Celebes has none; Java has 55 species, Lom- 
bok has apparently only a single one. Raven 
(1935) shows that the Mammalian fauna is 
equally impoverished. The same is true for the 
Philippines, their fauna is badly depleted, as 
compared to that of Borneo and Palawan (Dicker- 
son et al., 1928). 

THEE GEOLOGY OF THE MALAY ARCHIPELAGO 

Why the islands Sumatra, Java, Borneo, and 
Palawan should have a rich animal life, whereas 
the Philippines, Celebes, and the Lesser Sunda 
Islands have a poor one, cannot be understood 
without a study of the geological conditions. The 
British geologist Earle pointed out, as early as 
1845, that geologically the Malay Archipelago 
consists of three parts, a western one comprising 
the greater Sunda Islands and the adjoining parts 
of Asia, which was very stable during the Tertiary, 
an eastern one consisting of New Guinea and 
Australia, which was also stable, and an unstable 
island belt in between. The unstable area, com- 
prising the Philippines, Celebes, the Moluccas, 
and the Lesser Sunda Islands, has a most compli- 
cated geological structure. Deep sea basins, 
grabens, geosynclines and geanticlines are scram- 
bled together in a bewildering manner. Geologists 
are still far from agreement in regard to the 
interpretation of these structures. So much, 
however, is clear-that this area is highly unstable 
and that it has seen many and violent changes 
in the recent past. 

Originally, that is in late Mesozoic times, 
Celebes, the Moluccas, Misol, and western New 
Guinea, seem to have been situated on the same 
continental shelf. The fossil marine faunas of 
the mentioned regions, as well as tectonic features 
prove this close relationship. In fact, most 
geologists consider it as well established that 
Asia and Australia were in broad continental 
connection up to the very end of the Mesozoic. 
The Tertiary was a period of very active oro- 
genesis. Part of the Philippines and of northern 
Celebes seem to have been folded up first. There 
is some evidence for the existence of additional 
islands during Eocene and Oligocene, as, for 
example, in the Timor region, but the exacd 
position, size and chronology of such islands is 
unknown. In early Miocene, or according to other 
authors in very late Oligocene, the crust of the 
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WALLACE'S LINE 5 

earth seems to have buckled down in a gigantic 
manner along a line, which is roughly indicated 
by the west Sumatran Islands, Timor, Kei, Seran, 
and-Halmahera. The very strong negative anom- 
alies of the gravimetric measurements along this 
line are according to Vening Meinesz good evidence 
for the occurrence of such an event. The folding 
was so violent that it resulted in the widespread 
overthrusting of older strata over younger ones. 
The so-called outer Banda arc, consisting of the 
islands Sumba, Timor, Babber, Timorlaut, Kei, 
Seran, and Buru was formed along part of this fold. 
All of these islands are geologically very similar. 
Slightly later, but still in the Miocene, a second fold 
was formed consisting of parts of Sumatra and 
Java, as well as of the so-called inner Banda arc 
(Bali, Lombok, Sumbawa, Flores, Alor, Wetar, 
Dammer, and Banda). Most of this fold re- 
mained, however, at first submerged under the 
ocean. In fact, some of the islands may not have 
emerged until well in the Pleistocene. Later in 
the Tertiary, particularly in the Pliocene and 
Pleistocene, extensive fault lines developed which 
led to the lifting of large blocks (marine terraces 
in Timor rose 1280 m.!) and the corresponding 
sinking of other blocks to form flat-bottomed deep 
sea basins. The geological data indicate that 
periods of violent tectonic activity have alternated 
with periods of relative quietness, and the fre- 
quency of earthquakes and the continuous volcanic 
activity in this region reveal that the orogenic 
movements have not yet completely died down. 
The writings of Molengraaf (1922), Umbgrove 
(1932, 1934), and Kuenen (1935) should be con- 
sulted for further details concerning the geology of 
this region. Three facts of zoogeographic signifi- 
cance seem to stand out among the geological 
data: (1) There is no evidence whatsoever for 
any continental connection between Borneo and 
Celebes. In fact, the distance between the two 
islands was, up to the Pleistocene, greater than it 
is today; (2) Java, Bali, Lombok, and the other 
islands of the inner Banda arc are situated on the 
same geanticline; and (3) there is no geological 
evidence for any cross connections between inner 
and outer Banda arcs, except possibly between 
Sumba and Flores. 

The first of these three conclusions shows that 
Makassar Strait is an ancient ocean barrier and 
that at least this particular part of WTallace's Line 
is geologically well-founded. Geologists and zoo- 
geographers are in full agreement on this point. 

Tertiary-geology supplies, however, no explana- 
tion for a faunal difference between Bali and Lom- 
bok, a difference which seems to be due to events 
of a more recent geological past. A considerable 
quantity of ocean water accumulated in the polar 
ice caps during the Pleistocene glaciations. It 
has been calculated that this resulted in a lowering 
of the sea level of tropical ocean by at least 70 m., 
but more probably by 150- m. This caused the 
drying up of all shallow seas and resulted in a 
considerable extension of land on Sunda and Sahul 
shelves (see Fig. 1). Sumatra, Java, and Borneo- 
united with the Malay Peninsula in the formation 
of "Sundaland," an extension of the Asiatic main- 
land and Bali became attached to this continent. 
Lombok, however, which is separated from Bali 
by a strait of a depth of 312 m., remained sepa- 
rated, even'though it was fused temporarily with 
Sumbawa. 

The geological background of Wallace's Line 
is thus as follows: In its central part, between 
Borneo and Celebes, it follows the edge of the con- 
tinental Sunda shelf, in the south between Bali 
and Lombok (and the same is true in the north 
between Borneo-Palawan and the Philippines) it 
indicates the eastern edge of the Pleistocene 
Sundaland. The faunal break, which I have 
shown to exist along Wallace's Line, appears now in 
a new light. It is due to the fact that the line 
separates, on the whole, a continental from an in- 
sular fauna. This separation is clear cut in 
Makassar Strait, but it is rather obscured along 
the Sunda arc, where the geanticline of the inner 
Banda arc protrudes from Sundaland like a penin- 
sula. Faunal breaks along this chain of islands 
occur not only on Lombok Strait, but also on all 
the other inter-island straits. A number of 
authors, among whom Mertens (1930) is foremost, 
have contended, that some of the other straits, 
as that between Java and Bali, or the one between 
Sumbawa and Flores, are even more efficient dis- 
tribution barriers than Lombok Strait. This 
assertion is in conflict with the above-given findings 
of Pleistocene geology and it becomes therefore 
necessary to examine the relative efficiency of 
these water barriers in more detail. 

THE EFFICIENCY OF THE WATER BARRIERS BETWEEN 
THE LESSER SUNDA ISLANDS 

The faunal change between Borneo and Celebes 
is abrupt, but it is much more gradual along the 
west of Wallace's Line. The number of species 
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6 THE QUARTERLY REVIEW OF BIOLOGY 

of birds on this island chain is as follows: Sumatra 
about 440; Java, 340; Bali, 166; Lombok, 119; 
Sumbawa, 123; Flores, 143; and Timor, 137. In 
the freshwater fish family Cyprinidae, Sumatra 
has 115 species, Java, 55; and Lombok only a 
single one. Of butterflies Sumatra has 334 
species; Java, 270 species. Of reptiles Sumatra has 
193 species; Java, 136 species (Rensch 1936). It 
is obvious from these figures that the animal life 
of Java is considerably impoverished as compared 
with that of Sumatra (or Borneo). The reasons 
for this are not entirely clear, but two factors seem 
tQ be most important. One is the heavy activity 
of the Javanese volcanoes, particularly during the 
Pleistocene, which covered a good part of the island 
wvith lava and ashes and may have exterminated 
a number of localized species. The second and 
more important reason is that Java is less humid 

and poorer in habitats than Sumatra, also more 
peripheral and thus less accessible to colonists from 
the Asiatic mainland. The climatic deterioration, 
which is already indicated in western Java, ac- 
celerates rapidly in the eastern part of the island 
where in the lowlands true tropical rain forest 
seems to be largely replaced by monsoon forest. 
The result is that many of the most characteristic 
Java elements (including nearly all of the well- 
known endemic's) are restricted to western Java. 
Of the 340 species of Java birds only 245 are found 
in the eastern half of the island and it is reasonable 
to believe that some 70 of these species drop out 
before the eastern tip of Java is reached, leaving 
only about 170 species for the eastern tip of the 
island. No natural history survey has ever been 
made of this section of Java. This is unfortunate 
because the fauna of a small area of easternmost 
Java, equivalent in size to Bali, must be compared 
with the Bali fauna, if one wants to test the signif- 

icance ,of Bali Strait as a zoogeographic barrier. 
It would be entirely misleading to subtract the 
number of Bali species from the total number of 
Java species and state that the difference conm- 
prises the species that are unable to cross Bali 
Strait. This method was actually applied by 
Mertens (1930) and Brongersma (1936), who ar- 
rived thereby at the erroneous conclusion that 
Bali Strait was the most important barrier along 
the Sunda chain. 

A faunal change between the western and the 
eastern end occurs probably not only on Java, but 
on all elongated islands of the Sunda chain such as 
Sumbawa, Flores, and Timor. This fact invali- 
dates to some extent the figures on the subsequent 
calculations, but it is fortunately of minor impor- 
tance in respect to the small and rather round is- 
lands of Bali and Lombok. 

This is by no means the only difficulty that is 
encountered in the attempt to determine the 
relative efficiency of the various straits in the Sunda 
chain. It happens that there is a gradual but 
steady change of climate and plant cover from west 
to east. Each more easterly island is somewhat 
more arid than its western neighbor and one after 
the other of the humidity-loving species drops out 
because the habitat becomes unsuitable and not 
necessarily because it can not cross the water bar- 
rier separating it from the next island. 

The effect of six inter-island straits on the dis- 
tribution of birds is illustrated in Fig. 2. The 
top line of figures records the number of eastern 
species that find the western limit of their ranges 
on the inter-island straits. Lombok Strait shows 
the highest figure with 15 species, but, on the whole, 
the difference between the various straits is rather 
slight. This is not surprising, since all the eastern 
species have the ability to jump water barriers 

JAVA BALI LOMBOK SUMBAWA FLORES ALOR GROUP 

+-3 W15 t12 28-4 I 

I I~~~~~~~~~~~11 

BALI LOMBOK ALAS SAPE FLbRES KAM1ING 
STR. STR. STR. STR. STR. STA. 

87% 72.5% 68% 63% 57. 5% 
FIG. 2. INTER-ISLAND STRAITS IN THE, LESSER SUNDA ISLANDS AND TIEIR EFFICENCY AS DISTRBUTIONAL 

BARRIERS FOR BUDS 
Explanation of figues in text. 
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WALLACE'S LINE 7 

and it is probable that the ecological factors on 
the islands have as much or more to do with the 
limits of the ranges than age or width of the straits 
between them. The second row of figures gives 
the number of breeding species known from each 
island (the second figure on Java gives the number 
of species on the eastern half of Java). The third 
row of figures, and this is the most important one 
of all, gives the number of western species that are 
halted by the various straits. The significance of 
Lombok Strait becomes at once apparent It 
prevents the passage of 68 (41 per cent) of the 166 
Bali species. No other strait approximates this 
figure. The last row of figures gives the percentage 
of western species on each of the islands. 

The relative efficiency of Lombok, Alas, Sape, 
and Flores Straits can be expressed by calculating 
what percentage of the species occurring on either 
side are stopped by the straits. Lombok Strait, 
for example, is a barrier for 83 ( = 68 + 15) species 

of a total of 285 (166 + 119), that is, 29.1 per cent. 
The percentages for the other straits and for a 
number of other animal groups a're given in Table 2. 

The figures of Table 2 have, of course, only a 
relative value since the species totals include many 
species twice, once east and once west of the 
straits. Still they are valid as indicators of the 
r,elative efficiency of these straits and of their 
rank. Many of the smaller islands (Penida, 
Komodo, Sangeang, Rintja, etc.) are insufficiently 
explored and have therefore been omitted from the 
tabulation. Solor, Adonara, Pantar, and Alor 
have been united as Alor group. In the tabulation 
of the borders of western species only the eastern- 
most occurrence has been used. This explains a 
seeming discrepancy of the figures. Flores Strait, 
for example, stops only 24 of the 143 species on 
Flores. One would expect the Alor group to 
have 119 species (143 less 24), but it actually has 
only 75. The "missing" 44 (119 less 75) species 

are, however, found on Wetar, Timor, or other 
more easterly islands, which proves that Flores 
Strait is not the eastern limit of their range. 

The data presented in Fig. 2 and in Table 2 can 
be summarized as follows: Each of the straits in 
the Lesser Sunda Islands is a zoogeographic bar- 
rier. Lombok Strait, however, is more effective 
than any of the others. This is apparently due to 
the fact that this strait persisted throughout the 
Pleistocene, whereas Bali Strait and Alas Strait 
dried up at the height of the Pleistocene glaciation. 
Rensch's data (Table 2) indicate that reptiles, 
amphibia, butterflies, and land mollusks show 
similar conditions as birds and it is possible that 
a more thorough exploration of Bali, Flores, and 
Alor would make the two sets of data even more 
similar. Mertens (1930), for example, who denres 
that Lombok Strait is a more important barrier 
than Bali or Sape Straits, bases this claim on a 
study of the very insufficiently known herpeto- 

fauna of Bali. De Beaufort (1026) and other 
students of freshwater fish are also handicapped 
in a discussion of this subject, since with few ex- 
ceptions there are no true freshwater fish east of 
Lombok Strait. Even Bali has a badly depleted 
fish fauna. That this island is so poor in fresh- 
water fish is not really surprising, sitice it i?, a 
volcanic island and has not a single large and only 
one medium-sized stream. It would be dangerous 
to base too many conclusions on the distributional 
data derived from a single group which is so exact- 
ing in its ecological requirements as are freshwater 
fish. 

Freshwater fish are useful as negative zoogeo- 
graphic indicators. The fact that primary fresh- 
water fish (see Myers, 1938, for a definition of this 
term) are absent from Seran and Kei indicates, for 
example, that these islands have had no continen- 
tal connection with New Guinea. The 1presence 
of four species of freshwater fish in the Lesser 

TABLE 2 
Relative efficiency of straits in Lesser Sunda Islands 

BIRDS (ORIG.) REPTILES, AMPHIBIA BUTTERFLIES RANK 
AND LAND MOLLUSKS (RENSCE) (FOR BIRDS) 

Lombok Strait (Bali-Lombok) ........ 83 of 285 = 29 per cent' 84 of 377 = 22 per cent 1 
Alas Strait (Lombok-Sumbawa) ...... 22 of 242 = 9 per cent 34,of 367 = 9 per cent 3 
Sape Strait (Sumbawa-Flores) ........ 15 of 266 = 5.5 per cent 52 of 364 = 15 per cent 4 
Flores Strait (Flores-Alor) .28 of 218 = 13 per cent 2 

1 This figure indicates what percentage of the sum of the species of the two islands on either side of the strait 
have not crossed the strait. 
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8 THE QUARTERLY REVIEW OF BIOLOGY 

Sunda Islands-Rasbora elberti on Lombok and 
Sumbawa; Clarias batrachus on Bali, Lombok, and 
Sumbawa; Aplocheilus javanicus on Lombok; and 
A. celebensis on Timor-does not necessarily prove 
continental connections for these, but it casts 
doubt on the means of dispersal of these species. 
The slight, or absent, differentiation of these 
species demands that these islands had a recent 
continental connection. However, if such had 
existed one would expect a much richer fish fauna. 
The transport of fish by water spouts is well sub- 
stantiated and it is also possible that Lombok 
Strait had occasionaly a surface sheet of fresh- 
water while it was the outlet for the large streams 
of Pleistocene Sundaland. It would be dangerous 
to go too far in such speculations of possible chance 
dispersal but it is even more dangerous to base 
sweeping zoogeographic conclusions on the pres- 
ence of a few species of so-called freshwater fish. 

THE EASTERN COUNTERPART OF WALLACE' S LINE 

It is obvious that there must be a line at the 
eastern edge of the island belt which corresponds 
to Wallace's Line in the west. Such a line would 
separate the zone of a more or less pure Australo- 
Papuan mainland fauna from the islands to the 
west wJith an impoverished Papuan fauna and an 
Indo-Malayan admixture. This line has been 
vaguely referred to by Lydekker and other nine- 
teenth cen'tury writers, but I believe de Beaufort 
(1913) was the first to point out its true signifi- 
cance. It is not difficult to trace since it follows, 
except for a short stretch in the north, the 100 m. 
depth line, that is, the edge of that part of the 
Sahul shelf that was dry land at the height of the 
Pleistocene glaciation (Fig. 1). It passes between 
the Aru Islands, which have a pure Papuan fauna, 
and the Kei Islands with an impoverished fauna 
with Oriental elements. Of birds, for example, 
166 species are known from the Aru Islands, in- 
cluding birds of paradise and many other typical 
Papuan types, while only 84 species are known from 
the Kei Islands, including some western elements. 
The line then passes between the mainland of New 
Guinea and Seran Island. There are 115 species 
of birds (about 30 per cent western) known from 
Seran as against more than 300 species from the 
Vogelkop, the neighboring part of New Guinea. 
The line that separates the Papuan mainland fauna 
from the island fauna swings from Seran north 
and passes through the Gilolo passage separating 
the western Papuan Islands (Waigeu, Batanta, 

Salwati, and Misol) from the Northern Moluccas. 
In this section the line does not follow entirely the 
100 m. contour, which would exclude Koffiau, 
Gebe, Batanta, and Waigeu. However, all these 
islands are so purely Papuan and form such a well- 
defined faunistic unit that it seems justified to be 
slightly inconsistent. It might be worth while to 
emphasize that the line, as just drawn, gives a 
better defined delimitation of the "Papuan main- 
land" and "Papuan island" fauna than does 
Wallace's Line in the west for the Indo-Malayan 
fauna. Its validity is particularly apparent for 
all groups with a limited dispersal faculty, for 
example freshwater fish. De Beaufort's map 
(1926, p. 103) of the range of the subfamily Melano- 
taeniinae illustrates it quite graphically. This 
Australian group extends westward as far as the 
Aru Islands and Waigeu, but is absent from the Kei 
Islands and from the Northern and Southern 
Moluccas. 

The significance of this eastern line has been 
emphasized by a number of authors. It indicates, 
like Wallace's Line, a major faunal break; it sep,- 
rates, like its western counterpart, a continental 
from an island zone, as well as a zone with a more or 
less undiluted Papuan fauna from a mixed Papuan- 
Oriental fauna, a contrast which is least apparent 
in the north. It is for all these reasons that this 
line must be considered a major zoogeographic 
boundary. 

SHOULD AN INTERMEDIATE ZOOGEOGRAPHIC REGION 
BE RECOGNIZED? 

A gradual transition between the Oriental and, 
the Australian faunas takes place in the island 
belt between Wallace's Line and its eastern 
counterpart. This was realized quite clearly by 
Salomon Muller (1846), the earliest zoogeographer 
of the Malay Archipelago. He lists correctly 
"Celebes, Flores, Timor, Gilolo and perhaps 
Mindanao" as islands on which a mixture of Indian 
and Australian elements is found. Wallace also, 
in his later publications, admitted the intermediate 
position of this region and stated of Celebes that 
it "hardly belongs to either [Oriental or Australian] 
region." Pelseneer (1904:1007) lists a whole 
group of workers who recognized the transitional 
character of this region. 

There are other factors, in addition to the lack 
of continental connection, which contribute to- 
ward the poverty of the fauna of this island belt. 
Salomon Muller (1846) very ably pointed out some 
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WALLACE'S LINE 9 

of the reasons, such as the small size of most of the 
islands, their low elevation and their aridity. 
There is a more or less arid corridor extending from 
the Philippines and Celebes to Buru and to the 
Sunda Islands from eastern Java to Timorlaut. 
This zone has acted as a barrier to many humidity- 
loving forms and has prevented their passage from 
Sundaland to the Papuan Region or vice versa. 
Additional reasons for the faunal poverty of this 
zone are the young geological age of many of the 
islands, which limits the number of chance coloniza- 
tions, and the heavy volcanic activity over part of 
the region. There are three lines of volcanoes in 
this transition zone, one extending from Sumatra 
through Java to the inner Banda arc, a second one 
following the western edge of the northern Moluc- 
cas, and a third one reaching from north Celebes 
through the Sanghir Islands to the Philippines. 
The volcanic activity is thus strictly localized, 
but where it occurs it may be a very serious factor 
indeed. As mentioned, it seems to be one of the 
reasons why Java's animal life is so much poorer 
than that of Borneo or Sumatra (Rensch, 1936). 
There are not only 59 young volcanoes of more 
than 2000 m. altitude on Java, but also many ex- 
tinct late Tertiary ones. This factor is even more 
evident on Lombok where heavy Pleistocene 
eruptions of Mount Rindjani seem to have de- 
stroyed much of the mountain fauna. The same 
is true for the volcano on Ternate Island (Strese- 
mann, 1939:381). 

All the mentioned factors combine to give the 
fauna of the transition zone a peculiar character. 
This has impressed some of the authors to such 
an extent that they have proposed to give formal 
recognition to this fauna and elevate the island 
belt to the rank of a separate zoogeographic region 
or subregion. 

Dickerson et al. (1928), who coined the term 
Wallacea for this region, and Rensch (1936), who 
simply calls it Zwischengebiet (region of intermedi- 
acy), are the two most recent champions of such an 
arrangement. This region would include four 
different groups of islands, (1) the Lesser Sunda 
Islands from Lombok eastward; (2) the Moluccas 
and other outliers of the Papuan Region (Tenim- 
ber, Kei); (3) the Celebes group (with Sula and 
Talaut); and (4) the Philippines. Two reasons are 
usually quoted in favor of recognizing such a 
transition region. One is, that many endemic 
species and genera are confined to it. The other 
reason is, that all of the islands, which are included 
in this transition zone, are populated by a mixture 

of Indo-Malayan and Australo-Papuan elements. 
As against these points which would favor the rec- 
ognition of a transition region there are some 
very strong objections. Pelseneer (1904) has 
stated them clearly. He points out that it is 
only natural that 

a zoogeographic border is not a line without width and 
that by necessity there is a mixture of faunal elements 
along the border of two zoogeographic regions, caused 
by a reciprocal penetration. 

But if one would admit for this reason a special 
'transition region' or a 'region of intermediacy,' one, 
would obviously double the difficulties of delimitation. 
For now it would be necessary to trace both of the 
border lines which separate the transition region from 
either of the two adjoining zoogeographic regions. 

These difficulties of delimitation are fully con- 
firmed by the two most recently proposed transi- 
tion regions. Dickerson et al. (1928:297) define 
theirs as follows: "Wallacea is outlined sharply by 
Wallace's Line (as modified) on the west and 
Weber's Line upon the east." It thus includes 
the Philippines, but it excludes the Moluccas, 
Timorlaut, and Kei Islands. Rensch (1936:265), 
however, includes in his Zwischengebiet "Celebes, 
the Lesser Sunda Islands, Timorlaut (perhaps also 
Kei), and the Moluccas (at least the southern Mo- 
luccas)." He definitely excludes the Philippines. 
Celebes and the Lesser Sunda Islands are, thus, 
the only two districts which the two transition 
regions have in common. 

The "degree of intermediacy" of the various 
sections of the transition region is very uneven. It 
seems, for example, that the percentage of Aus- 
tralo-Papuan species in the Philippines (which are 
included in Wallacea by Dickerson and Merrill) 
is smaller than the percentage of Oriental species 
in New Guinea or Australia. Still, nobody would 
want to suggest including Australo-Papua in the 
transition zone. 

Stresemann (1939:403) adds another weighty 
objection. He points out that the transition zone 
comprises four separate districts which have much 
less in common with one another than eaph one 
has with some outside region: The Moluccas are 
faunistically closest to New Guinea, and Celebes 
to the Philippines, but the Philippines are closer 
to Malaysia than to Celebes. The Lesser Sunda 
Islands, finally, have a close faunal relationship 
with Java and Australo-Papua, but only a very 
slight and recent one with Celebes. To unite four 
such heterogeneous districts in a single "region" 
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10 THE QUARTERLY REVIEW OF BIOLOGY 

violates all principles of regional zoogeography. 
After all, if a zoogeographic region means any- 
thing, it means the home of a more or less homo- 
geneous characteristic fauna. "Wallacea", how- 
ever, is the home of four different faunas. It 
is self-evident that the formal recognition of a zoo- 
geographic region of such heterogeneity is neither 
practical nor scientifically defensible. The term 
transition zone is justified only if applied infor- 
mally as a descriptive attribute. 

WEBER 'S LINE 

It is apparent from the preceding discussion that 
neither Wallace's Line nor the formal acceptance 
of a transition zone are satisfactory attempts of 
delimiting the Oriental against the Australian 
Region. This leaves, to my mind, only one other 
alternative solution, namely, the recognition of a 
line east of Wallace's Line. Before attempting to 
draft the best possible course of such a line, a few 
words must be said about the validity of any zoo- 
geographic borderline. 

A zoogeographic region is usually defined as a 
geographic subdivision of the earth that is the home 
of a peculiar fauna. Such a region is characterized 
by the presence of manv endemic genera and fam- 
ilies and by the absence of the characteristic genera 
and families of other zoogeographic regions. Its 
border should be drawn along the line where this 
specific fauna is replaced by a different fauna. 
This procedure is logical and presents no difficulties 
in all the cases where an efficient barrier separates 
the two regions, such as is formed by the South 
Atlantic between Africa and South America. 
However, an intermingling of the two faunas takes 
place in a border zone whenever two such regions 
come into direct contact. This is exactly what has 
happened in the island belt between Asia and Aus- 
tralia. Both the Indo-Malayan and the Australo- 
Papuan mainland faunas have spilled over into 
the intermediate island belt and it might seem im- 
possible to delimit in suth a mixed region one fauna 
from the other one. However, as Pelseneer (1904) 
says correctly, "it is evident that there must be a 
line ... within the region of mixture, on one side 
of which the faunal elements of one region prevail 
and on the other side those of the second region. 
This line can serve usefully to mark the borderline 
between the two biogeographic regions." 

On the basis of these considerations Pelseneer 
established a borderline between the Oriental and 
the Australian Regions, which he called "Weber's 

Line." Pe'leneer drew the course of this line owr 
the basis of non-zoological data, that is, primarily 
on the soundings and other oceanographic results, 
of the Siboga Expedition, many of which are no 
longer valid today. However, Weber's Line 
actually separates the islands with a more than 50 
per cent Indo-Malayan fauna from the islands with. 
a- more than 50 per cent Papuan fauna, as is evident 
from Rensch's (1936) careful data and from all the 
other zoogeographic work of the region. With 
insignificant modification the line suggested by- 
Pelseneer is still acceptable as the best possible 
borderline between the Oriental and the Australo- 
Papuan Regions. 

The course of Weber's Line (Fig. 1) is as follows: 
In the north it begins between Talaut and Celebes 
in the west and the northern Moluccas in the east. 
In this section the line is extremely well defined,, 
since the fauna of the northern Moluccas consists, 
of about 80-90 per cent and that of Celebes of 
about 20-40 per cent Papuan elements. The line 
continues from here between the Sula Islands in 
the west and Obi in the east and then swings around 
Buru. The fauna of the Sula Islands is insuf- 
ficiently known, but it is close to that of Celebes 
except much poorer and with a stronger Moluccan, 
element. Still the Papuan component is probably 
less than 40 per cent, while it is about 63 per cent 
on Buru and even higher on Obi. It is difficult to 
trace Weber's Line from Buru on. Pelseneer at- 
tempted to follow the contour of the ocean bottom 
and this caused him to run the line between Banda 
("Indo-malavan") and Seran ("Papuan") and be- 
tween Sermatta ("Indo-malayan") and Babber 
("Papuan"). The much more detailed informa- 
tion on the fauna of these islands, which is now 
available, indicates that a different course might 
be preferable. The young volcanic Banda Islands 
have a fauna which almost completely lacks en- 
demic elements, and which is very close to that of 
Ambon, Seran, Seranlaut, etc. There is no doubt 
that the Banda Islands must be included in the 
southern Moluccas. Babber, on the other hand, 
has a fauna which is closer to that of Dammer and 
Sermatta, than to that of Timorlaut. It is, there- 
fore, preferable to place the line between Babber 
and Timorlaut. Rensch (1926:206) has already 
pointed out the impossibility of separating Babber 
from the closely related Sermatta and Dammer. 
The fauna of Timorlaut is about 62.5 per cent 
Australo-Papuan. South West Islands, from 
Roma and Kisar to Dammer and Babber are a 
faunistic unit, but the progressive decrease of Indo- 
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Malayan elements which started on Java and Bali 
continues on these- islands. It is possible that a 
future analysis may show that the eastern element 
on Babber and Dammer is already slightly more 
than 50 per cent of the total'fauna of these islands. 
Even then I would be inclined to retain them in the 
Oriental Region rather than to draw a line through 
the middle of the South West Islands. 

One glance at the map shows that Weber's Line 
is situated much closer to the Australo-Papuan than 
to the Asiatic shelf. The reason for this is two- 
fold, faunal pressure and accessibility. The faunal 
pressure of the Indo-Malayan fauna is greater than 
that of the Papuan fauna because it is much richer 
in species and families. The sphere of influence of 
this rich fauna will, therefore, extend farther into 
the island belt than that of the poorer Papuan 
fauna. The second reason is that the chain of the 
Lesser Sunda Islands, forming practically a penin- 
sula of Sundaland, was infinitely more easily 
accessible to colonists from the west than to those 
from the east, which had to jump the wide gap 
either from Australia to Timor or from New Guinea 
(and Aru) to the islands of Banda Sea. The pre- 
ponderance of Oriental species in the Lesser Sunda 
Islands would be even more pronounced if eco- 
logical factors (aridity) had not favored coloniza- 
tion by Australian elements. These various fac- 
tors explain the present course of the line of faunal 
balance, Weber's Line. Wallace's argument that 
Celebes should be included in the Australian Re- 
gion because it had so few Oriental species as com- 
pared to Borneo, is beside the point. Every true 
island has, of course, a much impoverished fauna, 
but its zoogeographic position is deternmined by an 
analysis of its existing fauna and not by the ele- 
ments it lacks. With an 80 per cent Oriental 
fauna Celebes can not be included in the Australian 
Region! 

Weber's Line has found curiously few adherents 
among zoogeographers; Boden Kloss (1929) is 
one of the exceptions. There is nothing spec- 
tacular about this line and by crossing it one 
encounters a smaller faunal change than is found 
between Borneo and Celebes, or between New 
Guinea and Seran, or in general between the "main- 
land" and the "island" faunas (Fig. 1). The 
difference between the faunas of Sula and Buru 
and of Babber and Timorlaut is, indeed, rather 
small. Weber's Line is not acceptable to those 
who look for a strikingly conspicuous borderline 
between the Oriental and Australian Regions 
(Rensch, 1926:265). 

Other objections have been raised against 
Weber's Line. Some authors, for example, have 
objected to Weber's Line because it separates 
islands which lie on the same submarine ridges. 
Thus it cuts between Babber and Timorlaut, be- 
tween Dammer and Banda, and between Sula and 
Obi, each of these three pairs of islands lying on the 
same submarine ridge. It seems to me that this 
argument is another instance of confusing zoogeo- 
graphic and geological interpretations, exactly as 
in the case of continental versus oceanic islands 
(Mayr, 1941). The geology of an island, and 
particularly of an oceanic island, is of no concern 
whatsoever, when we are attempting to classify 
its fauna. If the fauna of Seran and Kei is pre- 
vailingly Papuan, I shall classify these islands with 
the Papuan region. The fact that Timorand Sumba 
with a prevailingly Indo-Malayan fauna lie on the 
same tectonic arc has absolutely no bearing on this 
decision. In fact there is no evidence that any of 
these arcs were ever raised to the extent that they 
were exposed for their full length, and it is obvious 
that the undersea geology can have no influence 
over the distribution of forms that are dispersed 
across the water. 

De Beaufort (1926:184) also rejects 'Weber's 
Line for a purely geological reason, because "the 
Moluccas are not the remains of a former greater 
land mass." This argument is entirely irrelevant, 
not only since Pelseneer nowhere makes such a 
claim, but also because the former geological his- 
tory has a bearing on zoogeographic classification 
only to the extent to which it influences present day 
distribution. 

I know of only a single valid argument against 
the adoption of Weber's Line as the boundary 
between the Australian and the Oriental Regions. 
It is the objection against dividing arbitrarily any 
continuous series of values at the halfway point 
between the extremes. In the case of Weber's 
Line the situation is aggravated by the fact that 
the 50:50 balance between the Indo-Malayan and 
the Australian elements is not always the same in 
the various taxonomic groups. The bird fauna of 
Wetar Island, for example, is more than 50 per 
cent Australo-Papuan, while in other groups the 
Oriental element seems to prevail. On Celebes 
about 67 per cent of the birds are of western origin, 
while among mammals, butterflies, reptiles, amphib- 
ians, and land snails it is more than 80 per cent. 
On the whole it seems as if among reptiles and but- 
terflies the western element pushes farther eastward 
than among birds and snails. However, taking the 
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fauna as a whole, Weber's Line seems to separate 
rather neatly the islands with a prevailingly 
Oriental fauna in the west from the islands with a 
prevailingly Australo-Papuan fauna in the east. 
As stated above, the easternmost of the South 
West Islands (Dammer and Babber) possibly have 
slightly more than 50 per cent Australo-Papuan 
elements, but it is inadvisable to separate them 
from the larger group of islands of which they are 
an'integral part. Lines of 50:50 balance face even 
more difficulties on continents than in archipel- 
agos. The line in North America on which the 
Palearctic and the N,earctic elements balance, 
would be entirely unsuitable as a zoogeographic 
boundary. A 50:50 line is, thus, admittedly a 
more or less arbitrary boundary and may have to 
be modified in special cases. But it is no-more 
arbitrary than to accept March 21st as the first 
day of spring (regardless of the weather!), or the 
21st birthday as the day on which an adolescent 
reaches -seniority. Such rigid divisions are of 
practical usefulness not only in human affairs, but 
frequently also in scientific matters. Different 
faunal regions are generally indicated on zoogeo- 
graphic maps by different colors. It is obvious 
that the 50:50 line is the most convenient place 
where to replace one color by another. It is in 
this sense that Weber's Line (as modified above) 
may be accepted as the boundary between the 
region with a prevailingly Oriental and the region 
with a prevailingly Australo-Papuan fauna. 

UNSOLVED PROBLEMS OF INDO-AUSTRALIAN 
ZOOGEOGRAPHY 

The conclusions at which I arrived in the present 
analysis are not final. Many of the islands are 
insufficiently explored and it is certain that future 
exploration will add a good deal to our knowledge. 
A further refinement in the zoogeographic methods 
is also expected to yield increased results. Salo- 
mon Muller, P.L. Sclater, A. R. Wallace, and other 
early representatives of the classical school of zoo- 
geography selected arbitrarily a number of 
indicator species and based the outlines of the zoo- 
geographic regions and subregions on the dis- 
tribution of these species. The preferred tech- 
nique of the present paper is to calculate in percent 
the proportion of faunal element in the total num- 
ber of species of certain localities. All the 
percentages in Fig. 2 and Table 2 are derived by 
this method. 

In the matter of faunal composition an even 
superior method might be to determine the faunal 

relationship of the dominant species of each habi- 
tat. It seems, for example, to judge by Rensch's 
description (see above) that the differences between 
the dominant species of birds of Bali and Lombok 
is even more striking than is apparent from a sta- 
tistical analysis of the total faunas. Such a com- 
parison of the dominant types of local faunas must 
be based on accurate census data gathered in the 
field and such data are not yet available. To 
gather them would be a worth while task of future 
explorers of the Malay archipelago. 

The combination of ecological and zoogeo- 
graphic methods promises to yield data of consider- 
able interest. It seems, for example, that the faunal 
composition of each habitat is different. Of the 
eleven species of birds that are restricted to the 
mountain forest of Timor (above 4000 feet) only 
a single one is Papuan, the other ten are Indo- 
Malayan. The ratio is even, if not reversed, 
among the birds of the tree savanna of Timor. 
Lack of exact ecological data prevents a more 
accurate analysis at the present time. Steenis and 
other botanists have shown that a similar dif- 
ference of floristic composition exists between 
different plant associations. Here is a practically 
untouched field for future investigators. 

The delimitation of biogeographic regions de- 
pends to a considerable extent on the dispersal 
faculties and on the nature of the speciation proc- 
esses of the organisms of which the distribution is 
studied. It has become evident in recent years 
that there is much difference between phytogeo- 
graphic and zoogeographic classifications. The 
major floristic regions coincide fairly well with the 
major climatic regions. The major zoogeographic 
regions, on the other hand, indicate primarily the 
extent of formerly (or currently) isolated land 
areas. The biogeographic classification of New 
Guinea is a good illustration for this. New Guinea 
is, for the phytogeographer, a part of the Malayan 
region, but faunistically it is at least as close or 
even closer to Australia. A comparison of phyto- 
geographic and zoogeographic maps indicates that 
it is impractical at the present time to construct 
biogeographic maps, that is, maps that intend to 
illustrate simultaneously the distribution of plants 
and of animals. 

This is equally true, although to a lesser extent, 
for animal groups with different dispersal faculties. 
I have already mentioned above the differences 
between birds and reptiles in regard to the faunal 
composition of some of the islands. Much more 
accurate data are needed. It is possible that some 
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of the invertebrates show a distributional pattern 
that is much more similar to that of plants than to 
that of mammals or birds. Progress in this field 
depends largely on a more thorough faunistic ex- 
ploration of the Indo-Australian Region. 

SUMMARY 

(1) Wallace's Line is not the boundary between 
the Indo-Malayan and the Australian Regions, 
but rather it indicates the edge of the area (Sunda 
shelf) that was dry at the height of the Pleistocene 
glaciations. 

(2) The equivalent line along the edge of the 
Sahul Shelf separates New Guinea and the Aru 
Islands from the Moluccas and Kei Islands. 

(3) Weber's Line separates the islands in the 
west on which the Indo-Malayan element is pre- 
dominant from the islands in the east on which the 
Australo-Papuan element has a numerical su- 
periority. 

POSTSCRIPT 

The results of an important symposium on 
Wallace's Line and on the zoogeography of the 

Indo-Australian archipelago (Scrivenor, et al., 
1943) have been published after the completion of 
the present work. These papers contain nothing 
that would require a major modification of the 
conclusions at which I have arrived above. How- 
ever, they contribute a considerable amount of in- 
teresting factual data and raise a number of ques- 
tions which I have not treated. Corbet (op. cit.) 
shows that Weber's Line, at least in its northern 
part between Celebes. and the northern Moluccas, 
constitutes a more pronounced faunal division in 
several families and genera of butterflies than 
Wallace's Line in its most effective section (be- 
tween Borneo and Celebes). Malcolm Smith (op. 
cit.) comes to the conclusion, on the basis of the 
distribution of vertebrates, that Weber's Line is 
preferable to Wallace's Line, if a single borderline 
between the Oriental and the Australian Regions 
is to be found. The botanical contributors em- 
phasize the discrepancy between the classification 
of biogeographic regions of the zoologists and of 
the botanists. This disagreement is much less 
striking in regard to the minor divisions. 
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Southeast Asia has the highest relative rate of defor-

estation of any major tropical region, and could lose

three quarters of its original forests by 2100 and up to

42% of its biodiversity. Here, we report on the current

state of its biota and highlight the primary drivers of the

threat of extinction now faced by much of the unique

and rich fauna and flora of the region. Furthermore, the

known impacts on the biodiversity of Southeast Asia are

likely to be just the tip of the iceberg, owing to the

paucity of research data. The looming Southeast Asian

biodiversity disaster demands immediate and definitive

actions, yet such measures continue to be constrained

by socioeconomic factors, including poverty and lack of

infrastructure. Any realistic solution will need to involve

a multidisciplinary strategy, including political, socio-

economic and scientific input, in which all major

stakeholders (government, non-government, national

and international organizations) must participate.

Tropical ecosystems are exceptionally rich and exclusive
reservoirs of much of the biodiversity on Earth. However,
the rapid and extensive destruction of tropical habitats
has become a serious threat to their native biota [1].
Deforestation is particularly severe in Southeast Asia,
where natural habitats, such as lowland rain forests, are
being destroyed at relative rates that are higher than
those of other tropical regions [2]. If present levels of
deforestation were to continue unabated, Southeast Asia
will lose almost three-quarters of its original forest cover
by the turn of the next century [2], resulting in massive
species declines and extinctions [3]. More importantly, this
biodiversity crisis is likely to develop into a full-fledged
disaster, as the region is home to one of the highest
concentrations of endemic species [4].

Here, we discuss the contribution of the unique
geological history of Southeast Asia to its high species
richness and endemism. We report on the current state of
its terrestrial biota and highlight the primary drivers,
such as forest conversion, that are responsible for the
threat to the unique and rich biodiversity of the region.
Finally, we discuss the major conservation challenges
faced by this region.
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The unique geological history and biodiversity of

Southeast Asia

In a study reported in 2000, Myers et al. identified 25
‘biodiversity hotspots’ in the world as those areas contain-
ing high concentrations of endemic species and under-
going immense habitat loss (Figure 1) [4]. Southeast Asia
overlaps with four of these hotspots, each of which has a
unique geological history that has contributed to its rich
and often unique biota [5]. During the Pleistocene glacial
episodes, some temperate species from northern Asia
expanded their ranges southwards into Indo-Burma and
retained their presence thereafter [6]. Fluctuating sea
levels periodically converted mountains into geographi-
cally isolated islands, creating conditions that were ideal
for speciation. The episodic sea-level changes also repeat-
edly connected the islands of Sundaland (covering the
western half of the Indo-Malayan archipelago) to the
Asian mainland, enabling biotic migrations from
the mainland to the archipelago [7]. As the sea level
rose, the isolation of these islands also facilitated specia-
tion. The presence of rain forest refugia in parts of
Sundaland during the Pleistocene also enabled the
persistence of its forest biota [8]. Although it was never
connected to the Asian mainland, Wallacea (covering the
central islands of Indonesia to the east of Java, Bali and
Borneo, and west of the province of Papua on the island of
New Guinea) is one of the most geologically complex
regions in the world, because its islands originated from
land fragments that rifted from Gondwanaland at differ-
ent geological time periods [9]. This unique geological
history, together with its stable tropical climate and
numerous insular biotas, enabled Wallacea to evolve
highly endemic biotas of its own. The other geologically
unique region of Southeast Asia, the Philippines, consists
of w7000 islands, containing multiple centres of ende-
mism [5]. The colonization of newly formed oceanic
islands, followed by genetic differentiation and long-term
persistence, has resulted in the extraordinarily high
species richness and endemism of the Philippines [10].
As a result of the unique geological history Southeast Asia,
the region ranks as one of the highest in the world in terms
of species richness and endemism [5]. Furthermore, it
features unique ecological processes, such as the strong
synchrony of fruiting of trees (mast events) from the
Dipterocarpaceae [11], which have major implications for
forest ecology and conservation.
Review TRENDS in Ecology and Evolution Vol.19 No.12 December 2004
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Figure 1. Species richness and endemism in Southeast Asia. The four biodiversity hotspots overlapping Southeast Asia are highlighted in red. Bars represent the percentage

of species endemic to the respective hotspot. Numbers in parentheses represent total and endemic species known to science, respectively. The island of Borneo includes the

political divisions of Brunei, Malaysia and Indonesia. The Indo-Burma hotspot includes part of Bhutan, Nepal, eastern India, southern China, as well as islands such

as Hainan and the Andamans. Details of biodiversity hotspot boundaries, and numbers of total and endemic species within each hotspot were taken from

Conservation International [74].
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The current state of biodiversity

Three plant and eight animal species have been listed as
‘extinct’ in Southeast Asia by the International Union for
the Conservation of Nature and Natural Resources
(IUCN) [12]. Because Southeast Asia has a fairly recent
history of large-scale deforestation (i.e. over the past two
centuries), many of the native species of the region, such
as rare long-lived trees, might be persisting as ‘living dead’
and are doomed to extinction owing to isolation caused by
the fragmentation of habitats [3]. Therefore, although the
actual number of extinct species in the region is not
presently alarming, the level of endangerment of extant
species reveals the seriousness of threats, such as
deforestation, that are faced by the regional biota. The
number of threatened species in Southeast Asia, including
those in the IUCN categories of ‘critically endangered’
(CE), ‘endangered’ (EN) and ‘vulnerable’ (VU) ranges from
20 (CE) to 686 (VU) species for vascular plants, six to 91
species for fish, zero to 23 species for amphibians, four to
28 species for reptiles, seven to 116 species for birds, and
five to 147 species for mammals (see Online Supplemen-
tary Material) [12]. The loss of many of these regional
populations is likely to result in global extinctions because
www.sciencedirect.com
of the high proportion of endemic species (Figure 1; see
Online Supplementary Material) [13]. For example,
59.6% of the 29 375 vascular plant species in Indonesia
do not occur anywhere else (see Online Supplementary
Material) [13].
Drivers of biodiversity threat

Here, we discuss the drivers of biodiversity loss and
endangerment in Southeast Asia, which might act either
alone or in concert.
Forest conversion

The conversion of natural habitat to other land uses is the
major driving force behind worldwide biodiversity loss
[14–17]. Most of Southeast Asia was under forest cover
8000 years ago (see Online Supplementary Material) [18],
but large-scale deforestation in the region began during
the 1800s as a result of agricultural expansion that was
needed to meet the increasing local and global demand for
rice Oryza sativa [19]. The planting of perennial export
crops, including rubber Hevea brasiliensis, oil palm Elaeis
guineensis and coconut Cocos nucifera, also accounted for
20–30% of the total cultivated area of the region [19]. After

http://www.sciencedirect.com


Review TRENDS in Ecology and Evolution Vol.19 No.12 December 2004656
1950, increasing demand for Asian timber led to the
proliferation of commercial logging activities [19]. South-
east Asian rain forests are particularly valuable to the
logging industry for domestic consumption and export
because its diverse dipterocarp species can be grouped for
sale into just a few end-use classes [20]. Between 1880 and
1980, Southeast Asia experienced an average annual
forest loss of 0.3% [19]. During the past decade, the loss of
‘natural forest’ in the region has continued at a rate of
1.4% yK1 (see Online Supplementary Material) [13,21],
which was higher than the deforestation rates of other
speciose tropical regions, such as Central America and the
Caribbean (1.2%), and South America (0.5%) [13]. Cur-
rently, less than half (41.3–44.2%) of the original forests of
Southeast Asia remain (see Online Supplementary
Material) [21,22].

Deforestation in Southeast Asia has resulted in
collateral impacts on its rich and unique biodiversity,
with Singapore being the most heavily affected country to
date (Box 1; see Online Supplementary Material). The
most immediate impact of logging activities is the
alteration of the unique multilayered and closed tropical
forest canopy [20]. Reductions in canopy height, surface
area and the crown size of selectively logged Malaysian
forests are still evident after four decades of regener-
ation [23]. In Borneo, the species richness of trees was
shown to be negatively associated with the intensity of
logging activities [24]. Seedlings and saplings in these
logged sites were also species poor [24], suggesting
that logged forests require long periods of time to
recover their original plant richness.

Conversion of land to agricultural use has even more
detrimental impacts, owing to the depletion of soil
nutrients and erosion following intense agricultural
activities [25]. Even after a century of succession, the
plant richness of abandoned agricultural areas in Singa-
pore was only 60% of that of primary forests [26]. The
selective logging of dipterocarps is also likely to decrease
their reproductive success by reducing the extent and
intensity of interspecific mast fruiting, which has been
suggested to be a reproductive strategy that has evolved to
satiate seed predators [11]. Logging has led to recruitment
failure of dipterocarps within a national park in Borneo,
which is now surrounded by logged forest, and logging has
also exacerbated local El Niño events [11]. Recent studies
reveal a trend of declining species richness and population
density with increasing forest disturbance through log-
ging activities, agriculture or urbanization across a range
of Southeast Asian taxa, including termites [27], dung
beetles [28], ants [29], bees [30], butterflies [31], moths
[32], birds [33,34] and mammals [35–40]. Furthermore,
the loss of animals that produce ecological services,
such as seed dispersal, nutrient recycling and pollina-
tion, might further impede forest regeneration in the
disturbed areas.

Forest fires

Although forest fires have always occurred in Southeast
Asia, a combination of factors, such as poor land conver-
sion practices, logging and more-intense El Niño events,
act in concert to increase the chances of catastrophic fires
www.sciencedirect.com
in the region [39,40]. For example, logging can increase
the vulnerability of forests to fire by opening up the
canopy, creating piles of flammable wooden debris and
facilitating access to forests for people. In 1997–1998, up
to 5 million ha of forests in Indonesia (Sumatra and
Kalimantan) were consumed by forest fires [41]. It was
estimated that 4.6% of the canopy trees, as well as
70–100% of seedlings and 25–70% of saplings, were
destroyed in Sumatra (Barisan Selatan National Park).
Owing to the loss of fruiting trees, many avian frugivores,
such as the helmeted hornbill Buceros vigil, experienced
population declines of up to 50% [42]. Immediately
following the fires, other animals, such as the siamang
Holobates syndactylus, the largest of the gibbons, dis-
appeared completely from the burnt areas [39]. Siamang
groups whose territory included forest that was either
burned or adjacent to burned areas were significantly
smaller and experienced higher infant and juvenile
mortality than did groups not affected by fire [43].

Hunting for bushmeat

Humans have been hunting wildlife in Southeast Asia for
at least 40 000 years [44,45]. However, hunting pressure
has increased immensely with increasing human densities
and declining forest areas in the region. The situation is
further exacerbated by factors such as logging, creation of
roads, better hunting equipment and ineffective wildlife
protection [46–48]. Wildlife is currently being extracted
from tropical forests at more than six times the sustain-
able rate [49]. In Sarawak, Malaysia, an estimated
2.6 million animals were shot and 23 500 tons of wildlife
meat are consumed on annual basis [49,50]. A similar
trend is reported from Sabah, Malaysia, where an
estimated 108 million animals are hunted for bushmeat
each year [50]. Such figures are alarming, especially given
that intense hunting can depress animal densities [50].

Wildlife trade

Southeast Asia is a major hub of wildlife trade (see Online
Supplementary Material) [51]. In 2000, the net legal
export of lizard and snakeskins from Indonesia was 29.4%
and 28.2% of global exports, respectively. Even a highly
urbanized country, such as Singapore, was an active
trader of wildlife and wildlife products, with a total net
import of 7093 live animals and a total net export of
301 905 animal skins in 2000 alone (see Online Sup-
plementary Material). The alarming numbers of wildlife
resources that are legally traded in Southeast Asia are, in
all likelihood, a gross underestimation of the actual
volume of wildlife traded in the region. Trade unaccounted
for includes illegal and unrecorded wildlife traffic, as well
as many animals that died before reaching their intended
destination or were sold in local markets. The lucrative
pet trade in Southeast Asia is the major driving force
behind its wildlife trade [52,53]. For example, rampant
trapping for the pet trade, coupled with habitat conver-
sion, has driven the endemic Bali starling Leucopsar
rothschildi to the verge of extinction over the past three
decades [54]. Currently, there are !20 wild individuals of
this species, which are restricted to the Bali Barat
National Park [54]. In spite of being listed on Appendix 1
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Box 1. Singapore case study: a recipe for disaster

From both a scientific and management perspective, it would be

informative if we could excise hypothetically a representative South-

east Asian site, allow it to fulfil its economic potential, and document

the consequent losses of natural habitats and biodiversity, all within a

greatly accelerated time frame. Perhaps it is both depressing and

fortunate that Singapore is one such ecological ‘worst case scenario’.

Singapore has experienced exponential population growth, from

w150 subsistence-economy villagers in the early 1800s to four million

people in 2002 [13,72]. In particular, Singapore has transformed itself

from a developing country of squatters and slums to a developed

metropolis of economic prosperity within the past few decades and,

thus, has been widely regarded by the leaders of regional developing

countries as the ideal economic model.

However, the success of Singapore came with a hefty price, paid

for by its biodiversity. The island has suffered massive

deforestation (O95%), initially from the cultivation of short-term

cash crops (e.g. gambier Uncaria gambir and rubber Hevea

brasiliensis) and subsequently from urbanization and industrializ-

ation [72]. A recent study by Brook et al. [3] showed substantial

rates of documented (observed) and inferred (based on what could

have occurred in Singapore before habitat loss) extinctions, with

most extinct taxa (34–87%) being species of butterflies, fish, birds

and mammals (Figure I). Similar environmental scenarios are

already unfolding on a much larger scale in other Southeast

Asian countries, such as Indonesia [73]. Extrapolations based on

the species–area model calibrated to the biodiversity losses in

Singapore indicate that the current rate of habitat destruction in

Southeast Asia will result in the loss of 13–42% of regional

populations of all species by 2100, at least half of which could

represent global species extinctions (Figure I) [3].

Figure I. Population extinctions in Singapore and Southeast Asia. Green and blue bars represent recorded and inferred extinctions in Singapore, respectively. Yellow and

red bars represent minimum and maximum projected extinctions in Southeast Asia, respectively.
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of the Convention on International Trade in Endangered
Species (CITES) in 1970 and having been protected in
Indonesia since 1971, 19 individuals were observed being
sold illicitly in shops in Singapore in 1979 and 16
individuals were observed in cages in Denpasar (Bali,
Indonesia) in 1982 [54].

Many animal and plant products are used in traditional
Chinese medicine, which dates back 5000 years. Trade in
the raw materials of traditional Chinese medicine has a
detrimental impact on many vertebrates in Southeast
Asia, including tigers, bears, rhinos, turtles, snakes, tokay
geckos, pangolins, monkeys and swiftlets [5]. This is
exemplified by the Sumatran tiger Panthera tigris
sumatrae, from which body parts such as bones and
penises are used in traditional medicine. Between 1975
www.sciencedirect.com
and 1992, South Korea imported 6128 kg of tiger bones
(340 kg yK1), of which 60% originated from Indonesia [55].
The demand for the Sumatran tiger continues to threaten
the remaining wild population of an estimated 500
individuals [56].
Other potential drivers

Sala et al. [14] showed that, relative to the overwhelming
impact of forest conversion, other drivers, such as climate
change, nitrogen deposition, invasive species and atmos-
pheric CO2 change, are not expected to have significant
effects on biodiversity in tropical terrestrial ecosystems.
Climate change was shown to have the largest pro-
portional effect on biodiversity in extreme environments,
such as the arctic and boreal zones, and the least effect in
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the tropics, with only montane areas being substantially
affected [14]. Nitrogen deposition is expected to have the
largest impact on biodiversity in areas that are most
nitrogen limited, such as temperate forests [57]. Invasive
species are also not expected to impact tropical ecosystems
greatly because various abiotic and biotic factors, such as
high species diversity, minimize the probability of success-
ful establishment by invaders in undisturbed commu-
nities in the tropics [58]. The increased atmospheric
concentration of CO2 is expected to have a large impact
on biodiversity mainly in areas where plant growth is
most limited by water availability and where there is a
mixture of C3 and C4 species, such as grassland and
savannas. This is because of known species differences in
the effect of CO2 on water-use efficiency [59]. Never-
theless, in spite of these findings, the relative importance
and long-term implications of these drivers of biodiversity
threats and, more critically, their synergistic impacts on
the biodiversity of Southeast Asia, remain poorly
understood.
Conservation challenges

The outlook for the biodiversity of Southeast Asia appears
bleak, owing to several key social, scientific and logistical
conservation challenges faced by the region. The major
challenges in mitigating the imminent threats to its
biodiversity are primarily socioeconomic in origin, includ-
ing population growth, poverty, chronic shortage of
conservation resources (both expertise and funding) and
corrupt national institutions. As regional societies strive
to match the living standards of developed nations,
environmental issues are inevitably marginalized.
Increasing human population density is a primary socio-
economic driver of forest loss in Asia [60] and, in Southeast
Asia, both this and economic growth are positively
associated with forest loss (Figure 2).

Research on Southeast Asian biodiversity over the past
20 years has also been neglected in comparison to other
tropical regions. We compared all of the internationally
peer-reviewed research articles about biodiversity from
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the Biological Abstracts data base (excluding exclusively
marine studies) that were published between 1983 and
2003. The number of scientific publications about South-
east Asian biodiversity was fewer than was expected for
its forest area compared with other tropical regions,
including Central America and the Caribbean, Sub-
Saharan Africa, and South America. Furthermore, the
distribution of research effort in Southeast Asia was also
taxonomically biased. For example, there were more
research papers on mammals than would be expected if
studies were distributed according to the relative species
richness of taxonomic groups; however, there remains a
dearth of research on other important taxa, such as
vascular plants, invertebrates and fish. To remedy the
paucity of biodiversity studies in Southeast Asia, particu-
larly in poorly studied taxonomic groups, collaborative
research efforts of regional and international expertise on
Southeast Asian biotas are urgently needed [61].

The diversity of habitat types in Southeast Asia is
another major challenge for the conservation of its
biodiversity [62] and there are numerous habitats that
remain poorly studied. For example, recent studies reveal
that the highly acidic blackwaters of peat swamps have
much higher biodiversity and productivity than was
previously thought [63], and contain many hitherto
unrecognized rare and endangered fish species [64].
Furthermore, recent studies of limestone formations in
Southeast Asia revealed the presence of many endemic
and highly specialized taxa [65]. Additionally, large tracts
of rain forests and mangroves in Southeast Asia have yet
to be surveyed by professional biologists [66]. The lack of
biodiversity studies in such neglected habitats is a serious
impediment to the conservation of Southeast Asian
biodiversity because sound biological knowledge is needed
to prioritize conservation areas and habitat, and to model
sustainable use of resources, such as timber and bush-
meat. Currently, such biological understanding in South-
east Asia lags behind those of other regions.

Protected areas (both existing and future) are the main
hope for preserving the biodiversity of Southeast Asia.
TRENDS in Ecology & Evolution 
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Currently, there are 2262 protected areas in the region,
which cover a total land area of 58 million ha (13.4%)
(see Online Supplementary Material) [13,67]. More than
half of the total cover of these areas is in Indonesia
(24 million ha) and Malaysia (10 million ha). Recent
studies show that, in spite of their ‘protected’ status, some
of these areas have become increasingly isolated and
deforested [68]. For example, from 1985 to 2001, the forest
cover of lowland protected areas in West Kalimantan,
Indonesia, was reduced by 1.85 million ha (63%). In addi-
tion, of the 64 remaining forest fragments, only 16 were
considered large enough (O10 000 ha) to support intact
vertebrate fauna [68–70]. Protected areas also vary
considerably in their degree of effectiveness [71]. Bruner
et al. showed that the effectiveness of such areas for
biodiversity conservation was correlated most strongly
with the density of guards [71]. Therefore, the enforce-
ment and management of parks is crucial to the success of
protected areas in conserving the native habitats and
biodiversity of Southeast Asia.

Conclusion

Massive anthropogenic habitat modifications, forest fires
and the overexploitation of wildlife in Southeast Asia are
clear-and-present dangers to its biodiversity. In spite of
the pessimistic outlook, there are ways to conserve at least
some of the regional natural resources. Given thatmany of
the drivers of biodiversity loss (e.g. international demand
for rain forest timber and elevated global CO2 levels) are
issues that transcend national boundaries, any realistic
solution will need to involve a multi-national and multi-
disciplinary strategy, including political, socioeconomic
and scientific input, in which all major stakeholders
(governmental, non-governmental, national and inter-
national organizations) must partake. Key solutions
should include enhancing public environmental aware-
ness, delineating adequately protected reserves and
providing economic incentives for conservation.
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A marine fish follows Wallace’s Line: the
phylogeography of the three-spot
seahorse (Hippocampus trimaculatus,
Syngnathidae, Teleostei) in Southeast
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INTRODUCTION

Uncovering genetic patterns among populations is the first step

towards disentangling the effects of historical, vs. present-day

forces in structuring biodiversity. Marine patterns are still

poorly known, especially within highly diverse Southeast Asia.

In the terrestrial realm, Wallace’s Line separates terrestrial flora

and fauna into Asian (west) and Australasian (east) elements
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*Correspondence: Sara A. Lourie, Project

Seahorse, Redpath Museum, McGill University,

859 Sherbrooke St. W., Montréal, Québec, H3A
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ABSTRACT

Aim To test the potential of two contrasting biogeographical hypotheses

(‘Indian/Pacific Ocean Basin’ vs. ‘Wallace’s Line’) to explain the distribution of

genetic diversity among populations of a marine fish in Southeast Asia.

Location The marine waters of Asia and Southeast Asia: from India to Japan,

and east to the Indonesian islands of Sulawesi and Flores.

Methods We sequenced a 696 base pair fragment of cytochrome b DNA of 100

individuals of Hippocampus trimaculatus Leach 1814 (three-spot seahorse),

obtained from across its range. We tested our hypotheses using phylogenetic

reconstructions and analyses of molecular variance.

Results Significant genetic divergence was observed among the specimens. Two

distinct lineages emerged that diverged by an average of 2.9%. The genetic split

was geographically associated, but surprisingly it indicated a major east–west

division similar to the terrestrial Wallace’s Line (UST ¼ 0.662, P < 0.001) rather

than one consistent with an Indian-Pacific ocean basin separation hypothesis

(UST ¼ 0.023, P ¼ 0.153). Samples from east of Wallace’s Line, when analysed

separately, however, were consistent with an Indian/Pacific Ocean separation

(UST ¼ 0.461, P ¼ 0.005). The degree of genetic and geographical structure

within each lineage also varied. Lineage A, to the west, was evolutionarily shallow

(star-like), and the haplotypes it contained often occurred over a wide area.

Lineage B to the east had greater genetic structure, and there was also some

evidence of geographical localization of sublineages within B.

Main conclusions Our results indicate that the genetic diversity of marine

organisms in Southeast Asia may reflect a more complex history than the simple

division between two major ocean basins that has been proposed by previous

authors. In particular, the east–west genetic division observed here is novel

among marine organisms examined to date. The high haplotype, but low

nucleotide diversity to the west of Wallace’s Line is consistent with post-glacial

colonization of the Sunda Shelf. Additional data are needed to test the generality

of these patterns.
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(Van Oosterzee, 1997). Marine organisms, by contrast, are

expected to show a north-east to south-west division perpen-

dicular to Wallace’s Line, reflecting Pleistocene separation of

Indian Ocean vs. Pacific Ocean populations (Benzie, 1998).

Past geological and climatic events (e.g. plate tectonic

movement or glacial episodes) have undoubtedly played a

major role in terrestrial biogeography, but a similar role for

historical geological events has yet to be comprehensively

explored for marine species. Exposed land-bridges that enabled

terrestrial organisms to intermingle (e.g. the Isthmus of

Panama) would have resulted in vicariance of marine popula-

tions (Knowlton &Weigt, 1998), and former oceanic basins that

separated terrestrial continents (e.g. Tethys Seaway) would have

enabled marine taxa to extend their ranges (McKenzie, 1991).

Geologically, Southeast Asia is one of the most complex

areas in the world (Hall, 2002). Such geological complexity has

most likely contributed to the tremendous biological diversity

of the region (Michaux, 1991). It may also have led to

distinctive, congruent distribution patterns across species; the

most famous terrestrial example being Wallace’s Line (Huxley,

1868; Whitmore, 1981) (Fig. 1). Two potential geological

causes for Wallace’s Line are (1) the collision of Asian and

Australasian tectonic elements, between c. 15 and 3 Ma, which

brought terrestrial organisms from different realms into close

contact (Hall, 2002), and (2) more recently, periods of lowered

sea-levels (up to at least 120 m below present levels) associated

with Pleistocene glaciations (2.4 Ma–10,000 years ago) which

resulted in the formation of land-bridges between mainland

Asia, Borneo and other western Indonesian islands, and among

Philippine islands (Voris, 2000).

Marine passage between the Pacific (north/east) and Indian

(south/west) Oceans would have been drastically reduced

when the Asian and Australasian elements collided in the

Miocene, and almost completely interrupted when sea levels

were lowered in the Pleistocene (Hall, 1998; Voris, 2000). This

has led to the proposal that such barriers would have been

sufficient to result in biogeographical discontinuities in marine

taxa between the two ocean basins at the species, subspecies or

population level (Springer & Williams, 1990; Randall, 1998).

Historical biogeographical patterns are often believed to be

obscured by extensive dispersal and high contemporary gene-

flow in marine species (Bohonak, 1999). However, recent

Wallace's Line

Indian Ocean

Pacific Ocean

Approx. 1000 km

Lineage A

Lineage B1

Lineage B2

Sunda 
     Shelf

South China
                Sea Sulu Sea

Sulawesi Sea

Java Sea

Flores Sea

Borneo

Figure 1 Sample locations and geographical distribution of lineages of Hippocampus trimaculatus Leach. The location of Wallace’s Line

and the division between the Indian and Pacific Oceans as defined in the text are shown. The size of the pies is proportional to the number

of individuals sampled from each location. Shaded sea areas are continental shelves that would have been exposed to the air during

periods of low sea-level.
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studies that show significant phylogeographical structure

among marine populations, are beginning to question the

paradigm of widespread effective dispersal over ecological and

evolutionary time-frames (Barber et al., 2002). Particular life

histories, behaviours and the vagaries of oceanic currents may,

furthermore, lead some marine organisms to retain greater

historical structure than previously assumed. Near-shore

species that brood their young, have benthic larvae, or

experience direct development, are likely to exhibit lower

dispersal than pelagic species with broadcast spawning and

young that spend weeks in the plankton (Doherty et al., 1995).

For example, damselfish populations have been shown to

experience significant self-recruitment (Jones et al., 1999;

Swearer et al., 1999), large numbers of gastropod larvae can

be entrained in gyres and returned to their natal reef (Scheltema

et al., 1996), and larval behaviour can strongly affect realized

marine fish dispersal (Leis & Carson-Ewart, 1998).

Based on their biology, seahorses are likely to be at the lower

end of the marine fish dispersal continuum, and likely to retain

historical patterns. All seahorses have internal fertilization,

brood their offspring throughout larval development, are fully

pigmented and independent when they are released from the

male’s pouch, and remain largely sedentary as adults (Foster &

Vincent, 2004).

We assessed the phylogeographical pattern exhibited by the

three-spot seahorse (Hippocampus trimaculatus) and tested the

hypothesis that lowered sea-levels during the Pleistocene

period (2.4 Ma–10,000 years ago) would have resulted in

divergent populations in the Indian vs. the Pacific Oceans

(‘Ocean-Basin’ hypothesis) (Springer & Williams, 1990). We

tested this against an alternative that is consistent with the

terrestrial biogeographical division known as Wallace’s Line

(‘Wallace’s Line’ hypothesis) (Fig. 1).

MATERIALS AND METHODS

In order to test whether a north-east–south-west ‘Indian/

Pacific Ocean-Basin’ hypothesis vs. an east–west ‘Wallace’s

Line’ hypothesis could account for genetic variation in the

three-spot seahorse (H. trimaculatus Leach 1814) we first

defined our area of analysis. We took the boundary between

the ocean basins as following the spine of Peninsular Malaysia,

then the north coasts of Sumatra, Java, Bali, Lombok, Flores,

etc. (Wyrtki, 1961), and Wallace’s Line as following the edge of

the Sunda Shelf (Huxley, 1868) (Fig. 1). Specimens (n ¼ 100)

of H. trimaculatus were obtained from either side of Wallace’s

Line, and from both the Indian and Pacific Ocean basins (see

Appendix 1). Dried specimens were obtained from as close to

their source as possible in order to be confident of their locality

of origin. Seventy per cent of the specimens came directly from

fishers, and a further 12% from first-level buyers or research-

ers. Seventeen per cent were from traditional medicine shops

where, through interviews, we had good confidence of their

origin. Hippocampus trimaculatus lives at depths of > 15 m, on

areas of gravel, sand and dead bivalves (Lourie et al., 1999a),

possibly in association with octocorals and sea-whips (Choo &

Liew, 2003). Most specimens would have been captured by

small trawl boats. No seahorses were specifically killed for this

project, and issues of seahorse conservation were raised,

wherever possible, with fishers or traders.

Genetic methods

We used a small piece of tail muscle (c. 0.005–0.05 g dry

weight) for DNA extraction, and a standard proteinase-

K/phenol-chloroform protocol except that no salt was added

at the ethanol precipitation step. A section of the cytochrome b

gene was amplified in a 25 lL reaction using a Perkin-Elmer

9600 Cycle Sequencer, and the following PCR reaction mix:

19.0 lL H2O, 2.5 lL RedTaq buffer (10X), 0.5 lL dNTP

(10 mm), 1.0 lL RedTaq, 0.5 lL of each primer (10 lm),
1.0 lL (containing c. 5–50 ng) DNA, under the following PCR

conditions: 94 �C 2:30 min (94 �C 0:30, 50 �C 0:30, 72 �C
1:15) 35 times, 72 �C 5:00. We designed and used the following

seahorse-specific primers: forward shf 5¢-CTACCTGCACCAT
CAAATATTTC-3¢ or shf2 5¢-TTGCAACCGCATTTTCTTC
AG-3¢ and reverse shr2 5¢-CGGAAGGTGAGTCCTCGTTG-3¢.
PCR products were cleaned using QIAQuick columns

(Qiagen, Mississaga, Ontario, Canada) or Millipore filters

according to the manufacturer’s instructions and sequenced in

both directions in 10 lL reactions using the following reaction

mix: 4.5 lL H2O, 1.5 lL buffer (5X), 0.5 lL DMSO, 1.0 lL
Big Dye Terminator v.2.0 (ABI, Foster City, CA), 0.5 lL
primer (20 lm), 2 lL (containing c. 40 ng) DNA, under the

following PCR conditions (96 �C 0:30, 50 �C 0:15, 60 �C 4:00)

40 times. After adding 20 lL sterile miliQ H2O, precipitating

with 95% ethanol (68 lL) and sodium acetate (3 lL, 5 m), and

adding high-dye formamide (10 lL), the samples were

sequenced with an ABI 3730xl DNA analyser.

Analysis

The primers shf and shr2 amplified a fragment 895 bp long,

and shf2 and shr2 a fragment 780 bp long. A total of 692 bases

between bases 219 and 910 of the cytochrome b gene were

unambiguously edited using Sequencher version 3.0.1 (Gene

Codes Corporation, Ann Arbor, MI) and BBEdit Lite version

3.0 (Felciano, 1994), aligned using Clustal X (Thompson et al.,

1997) and SeqPup version 0.6f (Gilbert, 1996), and checked by

eye. Polymorphic sites were rechecked with the original

sequence trace files. Six sequences included in the data set

came from S. Casey (GenBank accession numbers: AF192698–

AF192703). We altered the identity of two bases (from G to A)

in Casey’s sequences (positions 812 and 856 in reference to the

entire cyt b sequences). These base positions were invariable in

our remaining 94 samples suggesting that an error may have

been made in Casey’s editing. Identical sequences were

assigned the same haplotype identity, and only a single

example of each was used in the phylogenetic reconstructions

assuming that identical haplotypes shared the same evolution-

ary origin. Haplotype definitions have been submitted to

GenBank (accession numbers AY322433–AY322476).

A marine fish follows Wallace’s Line
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Distance-based, parsimony and maximum-likelihood (ML)

phylogenetic reconstructions were carried out using PAUP*

version 4.0b10 (Swofford, 2002) with settings for the ML

analyses obtained from Modeltest version 3.0 (Posada &

Crandall, 1998). The major phylogenetic divisions observed

were identical in all analyses. A 95% likely statistical parsimony

network of haplotypes was estimated using TCS version 1.13

(Clement et al., 2000). Calculations of molecular diversity and

analysis of molecular variance (amova) results were obtained

using Arlequin version 2.0 (Excoffier et al., 1992; Schneider

et al., 2000) with Kimura’s two-parameter (K2P) genetic

distance (Kimura, 1980).

To test our hypotheses, we split the samples into ‘populations’

according to their ocean basins of origin (Pacific or Indian)

and their position with respect to Wallace’s Line (west or east)

and used these groupings to test the geographical distribu-

tions of the lineages using an exact contingency test (lineage

membership · ‘population’) as executed by GEODIS version

2.0 (Posada et al., 2000) with 1000 permutations. Results

from the amova supported our results from the chi-square

analysis. Divergence times (for K2P genetic distance) were

estimated to be 1.4% per million years based on a molecular

clock hypothesis for the cytochrome b gene of seahorses

from either side of the Isthmus of Panama (Casey, 1999).

RESULTS AND DISCUSSION

Our results from a total of 100 individuals surveyed for

mtDNA cytochrome b sequence variation indicated the

presence of two distinct lineages, separated by an average

d ¼ 2.90% sequence divergence (K2P distance, corrected for

within-lineage diversity) (Fig. 2, Table 1). Within-group

sequence diversity was p ¼ 0.29% for lineage A, and

p ¼ 0.79% for lineage B. Lineages A and B were separated

geographically into east and west groups reminiscent of the

terrestrial biogeographical division, rather than north-east–

south-west as predicted by the ocean-basin hypothesis (Figs 1

and 3). This east–west division of the major lineages is

consistent, although not precisely congruent, with Wallace’s

Line (v2 ¼ 51.22, P < 0.001; UST ¼ 0.662, P < 0.001). It is not

consistent with the ocean-basin hypothesis (v2 ¼ 1.62,

P ¼ 0.251; UST ¼ 0.023, P ¼ 0.153). Lineage B, found pri-

marily to the east of Wallace’s Line, was further split into two

clusters (B1 and B2) separated by an average divergence of

d ¼ 1.1%. The geographical structure between B1 and B2 was

consistent with an Indian-Pacific ocean-basin hypothesis

(v2 ¼ 10.0, P ¼ 0.004; UST ¼ 0.461, P ¼ 0.005), although of

course, consistence does not necessarily imply causality.

Differences in their molecular diversity and phylogenetic

structure indicate that the two primary lineages have been

affected by different historical events (Table 1). Lineage A

contains 32 haplotypes, haplotype diversity is high (h ¼ 0.90),

but nucleotide diversity is low because the haplotypes are only

separated by a maximum of five nucleotide differences

(average within-lineage pairwise difference ¼ 2.04 mutations).

By contrast, the 15 haplotypes that make up lineage B are

widely separated, have a lower overall haplotype diversity

(h ¼ 0.83), but a higher nucleotide diversity because they are

separated by up to 18 nucleotide differences (average pairwise

difference ¼ 5.40). Thus, lineage B has much deeper phylo-

genetic structure, despite the smaller geographical distances

involved.
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Figure 2 Statistical parsimony network

showing phylogenetic relationships among

haplotypes of Hippocampus trimaculatus.

Each branch represents a single nucleotide

mutation except for the central one, which

represents 19 mutations. The area of each

circle is proportional to the number of

specimens sharing that haplotype. Small open

squares represent hypothesized intermediate

haplotypes not observed in our sample.

Loops reflect alternative connections in the

95% likely network.
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Low sequence diversity, yet high haplotype diversity, on the

continental shelf (west of Wallace’s Line) across huge

geographical distances (from India to Japan > 10,000 km by

coastal routes) suggests that any previous phylogeographical

structure in H. trimaculatus in this region has been erased by

more recent range-expansion events (Avise, 2000). Range

expansion is perhaps most clearly demonstrated by the

distribution of the central and abundant haplotype A12 which

extends from India to Vietnam, and south to Borneo and Java

(Appendix 1). Because free marine passage across the Sunda

Shelf would only have been possible since the end of the last

glacial maximum (c. 10,000 years ago) successful dispersal

events resulting in a range expansion of the order of

> 1 km year)1 must have occurred in order to account for

this present distribution. The lack of phylogeographical

structure to the west of Wallace’s Line may reflect the recency

of this range expansion and insufficient time to attain

migration-drift equilibrium (Slatkin, 1993).

Given the evidence for relatively rapid dispersal across the

continental shelf regions by lineage A, the lack of lineage A to

the east of Wallace’s Line is surprising. Ocean currents in this

region are seasonally reversing. However, they flow from west

to east through the Java Sea for most of the year (Wyrtki,

1961) apparently favouring the movement of lineage A

haplotypes from the west to the east. The narrow zone of

overlap of lineages A and B on the continental margin (north

and south Borneo and Java) indicates that the observed genetic

disjunction is not absolute and some unidirectional (east–

west) dispersal has occurred onto the shelf. Lack of further

westward expansion by lineage B is again inconsistent with the

apparent wide dispersal of lineage A.

The maintenance of the observed phylogeographical break

could be due to competitive interactions or assortative matings

between the two lineages (Planes & Doherty, 1997), the result

of preferences for different marine ecosystems (oceanic vs.

continental shelf) (Rocha et al., 2002), or different evolution-

ary tendencies for dispersal by oceanic vs. continental popu-

lations. Alternatively, the break may not be actively

maintained; the widespread nature of lineage A may reflect

ecological release and founding of new populations in

previously unoccupied habitats following the last ice-age,

whereas the more limited extent of movement of lineage B

haplotypes onto the Sunda Shelf, and the higher level of

genetic structure to the east of Wallace’s Line, may reflect more

limited effective dispersal of individuals moving into already

saturated habitats.

The deeper genetic structure within lineage B, and the

geographical associations of its haplotypes suggests a role for

fragmentation and isolation of populations. Haplotype B1 is

widespread in both the north and the south, whereas the

rest of lineage B1 (except haplotype B9) is restricted to the

Sulu Sea and the whole of lineage B2 is restricted to the

south. It is possible that these patterns reflect the predicted

separation of the Indian/Pacific Ocean basins or it may reflect

isolation of smaller ocean basins (Sulu/Sulawesi/Flores Seas).

Further data from the east are needed to critically assess these

hypotheses.

Assuming a molecular clock, calibrated at 1.4% K2P

sequence divergence/Ma (Casey, 1999) H. trimaculatus separ-

ated from its sister taxon, ‘split-spot trimaculatus’ (¼ Hippo-

campus biocellatus of Lourie et al., 1999b; Kuiter, 2001) in

Australia c. 9.5 Ma (S.L., unpubl. data). This is approximately

the time at which open water (a possible barrier to a coastal-

shelf species) between the two continental shelves was at its

minimum (Hall, 2002) and successful dispersal might be most

likely.

Using the same clock rate, lineages A and B last shared a

common ancestor c. 2.1 Ma. This date supports an early

Pleistocene event, but the location of the geographical

disjunction between these two lineages is not consistent with

vicariance between separated Indian and Pacific Oceans

populations. An alternative explanation, still consistent with

Table 1 Summary of molecular diversity and amova results for Hippocampus trimaculatus. Numbers of individuals (n), numbers of

haplotypes (k), average pairwise differences among individuals (p ± standard deviation), haplotype diversity (h ± standard deviation),

nucleotide diversity (p ± standard deviation) for each grouping of samples. Average sequence divergence between groups (dxy), corrected

sequence divergence (dxy(corr)), UST and P-values for group comparisons (lineage A vs. B, west vs. east of Wallace’s Line and Indian vs. Pacific

Ocean basins)

n k p h p dxy dxy(corr) UST (P-value)

All 100 47 11.93 ± 5.44 0.94 ± 0.014 0.017 ± 0.0087 n/a n/a n/a

Lineages

A 70 32 2.04 ± 1.16 0.90 ± 0.026 0.0029 ± 0.0019 3.44% 2.90% 0.869 (< 0.0001)

B 30 15 5.46 ± 2.70 0.83 ± 0.064 0.0079 ± 0.0043

Wallace’s Line hypothesis

West 82 40 7.89 ± 3.71 0.93 ± 0.020 11.4 ± 5.93 3.13% 2.14% 0.662 (< 0.0001)

East 18 9 5.89 ± 2.95 0.82 ± 0.075 8.51 ± 4.77

Ocean Basin hypothesis

Indian 31 19 13.02 ± 6.04 0.94 ± 0.026 18.8 ± 9.69 1.79% 0.004% 0.023 (0.153)

Pacific 69 35 11.28 ± 5.18 0.94 ± 0.017 16.3 ± 8.30

A marine fish follows Wallace’s Line
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Pleistocene vicariance resulting from lowered sea-levels, is that

the populations were separated by a land bridge between

Borneo and the Philippines (Heaney, 1985). In this case,

populations in the South China Sea (proto-lineage A) would

have been separated from those in the Sulu/Sulawesi/Banda/

Flores Seas (i.e. the Philippines and eastern Indonesian islands)

(proto-lineage B). Following the final inundation of the

shallow water Sunda Shelf, lineage A may have rapidly

expanded to its present range. The lack of lineage A in

northern Borneo contradicts this hypothesis, but with only

four specimens from this area only limited conclusions can be

drawn. Further sampling, especially on the northern and

western edges of the Sunda Shelf, and a higher resolution

genetic marker would be needed to test the hypothesis of a

South China Sea origin for lineage A (as opposed to one in the

Indian Ocean).

The 1.1% sequence divergence within lineage B is equivalent

to c. 780,000 years of independent evolution, possibly the

result of a second vicariant or dispersal event during the

Pleistocene. The higher genetic diversity in lineage B implies

that it is divided into fewer, smaller populations, isolated from

one another and subject to drift. Certainly specimens were

much harder to obtain from east of Wallace’s Line than west.

Smaller population sizes, and greater isolation may reflect lack

of suitable habitat as extensive shelf-margins are absent from

much of eastern Indonesia. It may also reflect the stability

(i.e. resistance to extinction) of these populations over

evolutionary time (Cunningham & Collins, 1998).

Other phylogeographical surveys within Southeast Asia

(more limited in geographical scope) indicate that our major

phylogeographical division is novel. In mantis shrimps

(Haptosquilla pulchella) a deep divergence exists in central

Indonesia (cytochrome b, 6.6%, UST ¼ 0.821, P < 0.001) but

the major separation is north–south, rather than east–west

(Barber et al., 2000). The authors dubbed their division a

‘marine Wallace’s Line’ with its orientation perpendicular

to the terrestrial Wallace’s Line. A survey of cytochrome b

sequences in false clownfish (Amphiprion ocellaris)

also revealed significant phylogeographical structure

(UST ¼ 0.560 among all populations, P < 0.001), but the
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primary lineages were separated by only 0.48% and there was

extensive sharing of haplotypes among sites (Nelson et al.,

2000). One of these lineages occurred in the Indian Ocean, well

to the west of Wallace’s Line, the other encompassed areas in

the Pacific Ocean both west and east of Wallace’s Line.

Although A. ocellaris is considered ‘low-dispersing’ with a

pelagic larval phase of 8–12 days, its genetic structure suggests

that it has greater dispersal potential than H. trimaculatus does

across Wallace’s Line, but not within the Sunda Shelf.

Our study, plus those cited above are among the first to

focus on marine genetic connections within Southeast Asia.

Although their details differ, they suggest that significant

genetic structure does exist among marine populations in

Southeast Asian waters. The patterns imply retention of

signatures of historical events, and that knowledge of

contemporary ocean currents may not necessarily be a good

predictor of population connections over evolutionary time.

The precise driving forces behind the patterns are still

unclear (particularly those that mimic a terrestrial ‘Wallace’s

Line’ pattern) and further studies are warranted. The

existence of sharp phylogeographical breaks also has impli-

cations for regional-scale conservation planning: (1) restock-

ing programmes should proceed with great caution as

populations may not be evolutionarily equivalent, (2)

populations may be vulnerable to local extirpation as input

from propagules from far a field may be minimal, (3)

establishing marine protected areas on the basis of ocean

currents may not necessarily maintain species distributions,

(4) concepts of connectedness in marine conservation must

be grounded in an good understanding of empirically

recognized connections among populations, and (5) as low

dispersal organisms retain historical signatures they should

be a focus for designing marine protected areas at the most

detailed spatial scale.
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Genome Centre) for use of laboratory facilities, sequencing

and advice. Also to V. Khalil, N. Dun and S. Elgazzar for

technical assistance. Discussions with R. Atkinson, B. Bowen,

S. Casey, J. Curtis, J. Dodson, D. Green, A. Hendry,

F. Lecomte, A. Smith, G. Stirling, J. Turgeon, T. Wilson,

Y. Wong and input from two anonymous reviewers greatly

improved this paper. We would also like to thank many people

in Southeast Asia who provided specimens or logistic support

(particularly M. Chaiyapu, C.-K. Choo, M. Erdmann, T.H.,

Haq, H. Nusantari and A. Perry). Financial support was

provided by a Leverhulme Foundation Study Abroad Stu-

dentship, McGill University (Canada) Trust and Common-

wealth Scholarships to SL and a Dawson Award to AV (McGill

University). LIPI (Indonesian Institute of Sciences) are

thanked for granting a research permit (no. 1485/I/KS/2001).

REFERENCES

Avise, J.C. (2000) Phylogeography: the history and formation of

species. Harvard University Press, Cambridge, MA.

Barber, P.H., Palumbi, S.R., Erdmann, M.V. & Moosa, M.K.

(2000) A marine Wallace’s line? Nature, 406, 692–693.

Barber, P.H., Palumbi, S.R., Erdmann, M.V. & Moosa, K.M.

(2002) Sharp genetic breaks among populations of

Haptosquilla pulchella (Stomatopoda) indicate limits to

larval transport: patterns, causes, and consequences.

Molecular Ecology, 11, 659–674.

Benzie, J.A.H. (1998) Genetic structure of marine organisms

and Southeast Asian biogeography. Biogeography and

geological evolution of Southeast Asia (ed. by R. Hall

and J.D. Holloway), pp. 197–209. Backhuys Publishers,

Leiden.

Bohonak, A.J. (1999) Dispersal, gene flow, and population

structure. Quarterly Review of Biology, 74, 21–45.

Casey, S.P. (1999) Conservation genetics of seahorses (Hippo-

campus species). PhD Thesis, University of London, London.

Choo, C.L. & Liew, H.C. (2003) Spatial distribution, substrate

assemblages and size composition of sea horses (Family

Syngnathidae) in the coastal waters of Peninsular Malaysia.

Journal of the Marine Biological Association of the United

Kingdom, 83, 271–276.

Clement, M., Posada, D. & Crandall, K.A. (2000) TCS: a

computer program to estimate gene genealogies. Molecular

Ecology, 9, 1657–1659.

Cunningham, C.W. & Collins, T.M. (1998) Beyond area

relationships: extinction and recolonization in molecular

marine biogeography. Molecular approaches to ecology and

evolution (ed. by R. DeSalle and B. Schierwater), pp. 297–

321. Birkhauser Verlag, Basel.

Doherty, P.J., Planes, S. & Mather, P. (1995) Gene flow and

larval duration in seven species of fish from the Great

Barrier Reef. Ecology, 76, 2373–2391.

Excoffier, L., Smouse, P.E. & Quattro, J.M. (1992) Analysis of

molecular variance inferred from metric distances among

mtDNA haplotypes: application to human mitochondrial

DNA restriction data. Genetics, 131, 479–491.

Felciano, R. (1994) BBEdit Lite. Bare Bones Software, Bedford,

MA.

Foster, S.J. & Vincent, A.C.J. (2004) The life history and

ecology of seahorses, Hippocampus spp.: implications for

conservation and management. Journal of Fish Biology,

65(1), 1–61.

Gilbert, D.G. (1996) SeqPup: a biosequence editor and analysis

application. Indiana University, Bloomington, IN.

Hall, R. (1998) The plate tectonics of Cenozoic SE Asia and the

distribution of land and sea. Biogeography and geological

evolution of SE Asia (ed. by R. Hall and J.D. Holloway),

pp. 99–131. Backhuys Publishers, Leiden.

Hall, R. (2002) Cenozoic geological and plate tectonic evolu-

tion of SE Asia and the SW Pacific: computer-based

reconstructions and animations. Journal of Asian Earth

Sciences, 20, 353–434.

A marine fish follows Wallace’s Line

Journal of Biogeography 31, 1975–1985, ª 2004 Blackwell Publishing Ltd 1981



Heaney, L.R. (1985) Zoogeographic evidence for middle and

late Pleistocene land bridges to the Philippine islands.

Modern Quaternary Research in South East Asia, 9, 127–143.

Huxley, T.H. (1868) On the classification and distribution of

the Alectoromorphae and Heteromorphae. Proceedings of the

Zoological Society of London, 1868, 294–319.

Jones, G.P., Milicich, M.J., Emslie, M.J. & Lunow, C. (1999)

Self-recruitment in a coral reef fish population. Nature, 402,

802–803.

Kimura, M. (1980) A simple method for estimating evolu-

tionary rate of base substitution through comparative

studies of nucleotide sequences. Journal of Molecular Evo-

lution, 16, 111–120.

Knowlton, N.R & Weigt, L.A. (1998) New dates and new rates

for divergence across the Isthmus of Panama. Proceedings of

the Royal Society of London, Series B, 165, 2257–2263.

Kuiter, R.H. (2001) Revision of the Australian seahorses of the

genus Hippocampus (Syngnathiformes: Syngnathidae) with

descriptions of nine new species. Records of the Australian

Museum, 53, 293–340.

Leis, J.M. & Carson-Ewart, B.M. (1998) Complex behaviour

by coral-reef fish larvae in open-water and near-reef

pelagic environments. Environmental Biology of Fishes, 53,

259–266.

Lourie, S.A., Pritchard, J.C., Casey, S.P., Truong, S.K., Hall,

H.J. & Vincent, A.C.J. (1999a) The taxonomy of Vietnam’s

exploited seahorses. Biological Journal of the Linnean Society,

66, 231–256.

Lourie, S.A., Vincent, A.C.J. & Hall, H.J. (1999b) Seahorses: an

identification guide to the world’s species and their conserva-

tion. Project Seahorse, London.

McKenzie, K.G. (1991) Implications of shallow Tethys and the

origin on modern oceans. Australian Systematic Botany, 4,

37–40.

Michaux, B. (1991) Distributional patterns and tectonic

development in Indonesia: Wallace reinterpreted. Australian

Systematic Botany, 4, 25–36.

Nelson, J.S., Hoddell, R.J., Chou, L.M., Chan, W.K. & Phang,

V.P.E. (2000) Phylogeographic structure of the false

clownfish, Amphiprion ocellaris, explained by sea level

changes on the Sunda shelf. Marine Biology, 137, 727–736.

Planes, S. & Doherty, P.J. (1997) Genetic and color interac-

tions at a contact zone of Acanthochromis polyacanthus:

a marine fish lacking pelagic larvae. Evolution, 51, 1232–

1243.

Posada, D. & Crandall, K.A. (1998) MODELTEST: testing the

model of DNA substitution. Bioinformatics, 14, 817–818.

Posada, D., Crandall, K.A. & Templeton, A.R. (2000) GeoDis: a

program for the cladistic nested analysis of the geographical

distribution of genetic haplotypes. Molecular Ecology, 9,

487–488.

Randall, J.E. (1998) Zoogeography of shore fishes of the Indo-

Pacific region. Zoological Studies, 37, 227–268.

Rocha, L.A., Bass, A.L., Robertson, D.R. & Bowen, B.W.

(2002) Adult habitat preferences, larval dispersal, and the

comparative phylogeography of three Atlantic surgeon-

fishes (Teleostei: Acanthuridae). Molecular Ecology, 11,

243–252.

Scheltema, R.S., Williams, I.P. & Lobel, P.S. (1996) Retention

around and long-distance dispersal between oceanic islands

by planktonic larvae of benthic gastropod Mollusca. Amer-

ican Malacological Bulletin, 12, 67–75.

Schneider, S., Roessli, D. & Excoffier, L. (2000) Arlequin ver.

2.000: a software for population genetics data analysis.

Genetics and Biometry Laboratory, University of Geneva,

Switzerland.

Slatkin, M. (1993) Isolation by distance in equilibrium and

non-equilibrium populations. Evolution, 47, 264–279.

Springer, V.G. & Williams, J.T. (1990) Widely distributed

Pacific plate endemics and lowered sea-level. Bulletin of

Marine Science, 47, 631–640.

Swearer, S.E., Caselle, J.E., Lea, D.W. & Warner, R.R. (1999)

Larval retention and recruitment in an island population of

a coral-reef fish. Nature, 402, 799–802.

Swofford, D.L. (2002) PAUP*. Phylogenetic analysis using

parsimony (*and other methods), Version 4. Sinauer Asso-

ciates, Sunderland, MA.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F. &

Higgins, D.G. (1997) The ClustalX interface: flexible stra-

tegies for multiple sequence alignment aided by quality

analysis tools. Nucleic Acids Research, 24, 4876–4882.

Van Oosterzee, P. (1997) Where worlds collide: the Wallace

Line. Cornell University Press, New York.

Voris, H.K. (2000) Maps of Pleistocene sea-levels in South East

Asia: shorelines, river systems, time durations. Journal of

Biogeography, 27, 1153–1167.

Whitmore, T.C. (ed.) (1981) Wallace’s Line and plate tectonics.

Oxford University Press, Oxford.

Wyrtki, K. (1961) Scientific results of marine investigations of

the South China Sea and the Gulf of Thailand. Naga Report,

2, 195.

BIOSKETCHES

Sara Lourie’s research includes morphological and molecular

systematics, phylogeography and the use of biogeography in

setting marine conservation priorities. Her current work

focuses on seahorses in Southeast Asia.

Amanda Vincent holds the Canada Research Chair in

Marine Conservation. Her early research on seahorse ecology

has led to broad initiatives in conservation science, manage-

ment and policy, often featuring seahorses.

S. A. Lourie and A. C. J. Vincent

1982 Journal of Biogeography 31, 1975–1985, ª 2004 Blackwell Publishing Ltd



Appendix 1 Detailed list of specimens of Hippocampus trimaculatus, including museum numbers, haplotypes and GenBank

accession numbers

Catalogue number Location Latitude Longitude Source Haplotype GenBank number

West of Wallace’s Line/Indian Ocean (n ¼ 21)

RM2522a Kerala, India c. 10�00¢ N c. 076�30¢ E Buyer A19 AY322451

RM2522b Kerala, India c. 10�00¢ N c. 076�30¢ E Buyer A32 AY322433

RM2116 Mandapam,

Tamil Nadu, India

c. 09�25¢ N c. 079�20¢ E Researcher A02 AF192698

RM2636a Mandapam,

Tamil Nadu, India

c. 09�25¢ N c. 079�20¢ E Researcher A01 AF192699

RM2281b Palk Bay,

Tamil Nadu, India

c. 09�25¢ N c. 079�20¢ E Fisher A12 AY322435

RM2281f Palk Bay,

Tamil Nadu, India

c. 09�25¢ N c. 079�20¢ E Fisher A12 AY322435

RM2281g Palk Bay,

Tamil Nadu, India

c. 09�25¢ N c. 079�20¢ E Fisher A01 AF192699

RM2281h Palk Bay,

Tamil Nadu, India

c. 09�25¢ N c. 079�20¢ E Fisher A28 AY322460

RM2420 Myanmar Exact location

unknown

Exact location

unknown

Buyer A12 AY322435

RM2423a Border area between

Thailand and Myanmar

Exact location

unknown

Exact location

unknown

Buyer A26 AY322458

RM2393 Bulon Island, Thailand c. 06�50¢ N c. 099�30¢ E Buyer A12 AY322435

RM2352a Near Pulau Pangkor,

Perak, Malaysia

c. 04�15¢ N c. 100�34¢ E Fisher A20 AY322452

RM2352c Near Pulau Pangkor,

Perak, Malaysia

c. 04�15¢ N c. 100�34¢ E Fisher A18 AY322450

RM2352b Near Pulau Pangkor,

Perak, Malaysia

c. 04�15¢ N c. 100�34¢ E Fisher A12 AY322435

RM2476 Bandar Lampung,

Sumatra, Indonesia

c. 05�32¢ S c. 105�17¢ E Fisher A05 AY322438

RM2466 Bandar Lampung,

Sumatra, Indonesia

c. 05�32¢ S c. 105�17¢ E Fisher A12 AY322435

RM2712a Pulau Sangiang or

P. Panaitan, Anyer,

West Java, Indonesia

c. 06�00¢
or 06�30¢ S

c. 105�50¢
or 105�15¢ E

Fisher A29 AY322461

RM2712c Pulau Sangiang or

P. Panaitan, Anyer,

West Java, Indonesia

c. 06�00¢
or 06�30¢ S

c. 105�50¢
or 105�15¢ E

Fisher A01 AF192699

P 10 Pangandaran, Ciamis,

West Java, Indonesia

c. 07�41¢ S c. 108�40¢ E Buyer B15 AY322476

RM2715a Pangandaran, Ciamis,

West Java, Indonesia

c. 07�41¢ S c. 108�40¢ E Fisher A25 AY322457

RM2715b Pangandaran, Ciamis,

West Java, Indonesia

c. 07�41¢ S c. 108�40¢ E Fisher B01 AY322434

West of Wallace’s Line/Pacific Ocean (n ¼ 61)

RM2791 Rampa, Kota Baru,

Pulau Laut,

Kalimantan Selatan,

Indonesia

c. 03�14¢ S c. 116�12¢ E Fisher B09 AY322470

RM2785a Tanjung Dewa,

Kalimantan Selatan,

Indonesia

c. 03�10¢ S c. 116�20¢ E Fisher B01 AY322434

RM2785b Tanjung Dewa,

Kalimantan Selatan,

Indonesia

c. 03�10¢ S c. 116�20¢ E Fisher A10 AY322443

RM2787a Pagatan, Kalimantan Selatan,

Indonesia

c. 03�36¢ S c. 115�58¢ E Fisher A12 AY322435

A marine fish follows Wallace’s Line
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Appendix 1 continued

Catalogue number Location Latitude Longitude Source Haplotype GenBank number

RM2787b Pagatan, Kalimantan Selatan,

Indone sia

c. 03�36¢ S c. 115�58¢ E Fisher A20 AY322452

RM2721 Karimunjawa, Central Java,

Indonesia

c. 05�53¢ S c. 110�26¢ E Fisher A20 AY322452

RM2713a Jepara, Central Java,

Indonesia

c. 06�30¢ S c. 110�30¢ E Fisher A25 AY322457

RM2736d Indramayu, West Java,

Indonesia

c. 06�15¢ S c. 108�30¢ E Fisher B11 AY322472

RM2736b Indramayu, West Java,

Indonesia

c. 06�15¢ S c. 108�30¢ E Fisher B12 AY322473

RM2686b Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A04 AY322437

RM2686c Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A17 AY322449

RM2686d Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A12 AY322435

RM2686e Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A12 AY322435

RM2686f Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A06 AY322439

RM2686g Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A12 AY322435

RM2686h Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A30 AY322462

RM2686i Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A22 AY322454

RM2686j Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A20 AY322452

RM2686k Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A15 AY322447

RM2686m Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A09 AY322442

RM2686n Mersing, Johor, Malaysia c. 02�25¢ N c. 103�50¢ E TCM shop A14 AY322446

RM2356a Near Pulau Kapas and

P. Tenggol, Terengganu,

Malaysia

c. 04�45¢ N c. 103�40¢ E Fisher A12 AY322435

RM2356b Near Pulau Kapas and

P. Tenggol, Terengganu,

Malaysia

c. 04�45¢ N c. 103�40¢ E Fisher A24 AY322456

RM2405 Pattani, Thailand c. 07� N c. 101� E Fisher A01 AY322436

RM2409a Pattani, Thailand c. 07� N c. 101� E TCM shop A30 AY322462

RM2409b Pattani, Thailand c. 07� N c. 101� E TCM shop A12 AY322435

RM2409c Pattani, Thailand c. 07� N c. 101� E TCM shop A12 AY322435

RM2409e Pattani, Thailand c. 07� N c. 101� E TCM shop A07 AY322440

MC 12 Ban Koh Prerd, Laem Sing,

Chanthaburi, Thailand

c. 12�10¢ N c. 102�10¢ E Fisher A06 AY322439

MC 37 Paknam, Samut Prakan,

Thailand

c. 13�25¢ N c. 100�36¢ E Fisher A01 AF192699

MC 38 Paknam, Samut Prakan,

Thailand

c. 13�25¢ N c. 100�36¢ E Fisher A23 AY322455

MC 15 Ban Koh Prerd, Laem Sing,

Chanthaburi, Thailand

c. 12�10¢ N c. 102�10¢ E Fisher A12 AY322435

RM2115 Chonburi, Thailand c. 13�15¢ N c. 100�40¢ E Researcher A12 AF192702

RM2850a Kampong Som, Cambodia 10.60355� N 103.48604� E Fisher A20 AY322452

RM2850b Kampong Som, Cambodia 10.60355� N 103.48604� E Fisher A12 AY322435

RM2850e Kampong Som, Cambodia 10.60355� N 103.48604� E Fisher A16 AY322448

RM2850g Kampong S om, Cambodia 10.60355� N 103.48604� E Fisher A27 AY322459

RM2878 Kep, Cambodia 10.48060� N 104.32182� E Fisher A21 AY322453

RM2833 Lob, Cambodia 10.43218� N 104.43185� E Fisher A22 AY322454

RM2121b Song-Doc, Thang, Minh Hai,

Vietnam

c. 09�00¢ N c. 104�45¢ E Fisher? A13 AY322445

RM2124b Nha Trang, Khanh Hoa,

Vietnam

c. 12�15¢ N c. 109�10¢ E Fisher? A31 AY322463

RM2129b Nha Trang, Khanh Hoa,

Vietnam

c. 12�15¢ N c. 109�10¢ E Fisher? A11 AY322444

RM2131a Nha Trang, Khanh Hoa,

Vietnam

c. 12�15¢ N c. 109�10¢ E Fisher? A12 AY322435
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Appendix 1 continued

Catalogue number Location Latitude Longitude Source Haplotype GenBank number

RM2131b Nha Trang, Khanh Hoa,

Vietnam

c. 12�15¢ N c. 109�10¢ E Fisher? A30 AY322462

RM2130a Nha Trang, Khanh Hoa,

Vietnam

c. 12�15¢ N c. 109�10¢ E Fisher? A18 AY322450

RM2130d Nha Trang, Khanh Hoa,

Vietnam

c. 12�15¢ N c. 109�10¢ E Fisher? A20 AY322452

RM2132 Thuan An, Vietnam Exact location

unknown

Exact location

unknown

Fisher? A03 AF192703

SW001 Kuching, Sarawak, Malaysia c. 01�50¢ N c. 110�15¢ E Fisher A08 AY322441

SW002 Kuching, Sarawak, Malaysia c. 01�50¢ N c. 110�15¢ E Fisher A12 AY322435

SW003 Kuching, Sarawak, Malaysia c. 01�50¢ N c. 110�15¢ E Fisher A20 AY322452

SW015 Kuching, Sarawak, Malaysia c. 01�50¢ N c. 110�15¢ E Fisher A12 AY322435

SW017 Kuching, Sarawak, Malaysia c. 01�50¢ N c. 110�15¢ E Fisher A20 AY322452

SB116 Pulau Tigabu, Sabah, Malaysia c. 07�00¢ N c. 117�20¢ E Fisher B03 AY322465

SB117 Pulau Tigabu, Sabah, Malaysia c. 07�00¢ N c. 117�20¢ E Fisher B08 AY322469

SB118 Pulau Tigabu, Sabah, Malaysia c. 07�00¢ N c. 117�20¢ E Fisher B01 AY322434

SB119 Pulau Tigabu, Sabah, Malaysia c. 07�00¢ N c. 117�20¢ E Fisher B04 AY322466

RM2467 Pulau Tiga, Sabah, Malaysia c. 05�42¢ N c. 115�38¢ E Fisher B01 AY322434

RM2659b Dumaran, Palawan, Philippines c. 10�32¢ N c. 119�48¢ E Fisher B01 AY322434

RM2746 I-Lan, Taiwan c. 24�46¢ N c. 121�45¢ E TCM shop A01 AF192699

RM2831 Keelung Island, Taiwan c. 25�15¢ N c. 121�40¢ E Fisher A30 AY322462

RM2123 Japan Exact location

unknown

Aquarium A01 AF192700

East of Wallace’s Line/Indian Ocean (n ¼ 10)

RM2206b Batu Nampar, Lombok, Indonesia c. 08�52¢ S c. 116�24¢ E Fisher B10 AY322471

RM2206c Batu Nampar, Lombok, Indonesia c. 08�52¢ S c. 116�24¢ E Fisher B12 AY322473

RM2206e Batu Nampar, Lombok, Indonesia c. 08�52¢ S c. 116�24¢ E Fisher B10 AY322471

RM2206g Batu Nampar, Lombok, Indonesia c. 08�52¢ S c. 116�24¢ E Fisher B10 AY322471

RM2206h Batu Nampar, Lombok, Indonesia c. 08�52¢ S c. 116�24¢ E Fisher B10 AY322471

RM2206i Batu Nampar, Lombok, Indonesia c. 08�52¢ S c. 116�24¢ E Fisher B06 AY322467

RM2206k Batu Nampar, Lombok, Indonesia c. 08�52¢ S c. 116�24¢ E Fisher B13 AY322474

RM2206a Batu Nampar, Lombok, Indonesia c. 08�52¢ S c. 116�24¢ E Fisher B01 AY322434

RM2703a Labuan Bajo, Flores,

Nusa Tenggara, Indonesia

c. 08�29¢ S c. 119�53¢ E Fisher B01 AY322434

RM2703b Labuan Bajo, Flores,

Nusa Tenggara, Indonesia

c. 08�29¢ S c. 119�53¢ E Fisher B14 AY322475

East of Wallace’s Line/Pacific Ocean (n ¼ 8)

RM2346 Kendari, Sulawesi, Indonesia c. 04�00¢ S c. 123�00¢ E Boy in market B01 AY322434

RM2153 Maumauan Island, Bohol,

Philippines

c. 10�08¢ N c. 124�08¢ E Fisher B05 AF192701

RM2023 Nasingin Island, Bohol,

Philippines

c. 10�08¢ N c. 124�08¢ E Fisher B01 AY322434

RM2676 Daram Island, West Samar,

Philippines

c. 11�38¢ N c. 124�47¢ E Fisher B01 AY322434

RM2681a Suwangan, Bantayan Island,

Cebu, Philippines

c. 11�12¢ N c. 123�45¢ E Fisher B07 AY322468

RM2681b Suwangan, Bantayan Island,

Cebu, Philippines

c. 11�12¢ N c. 123�45¢ E Fisher B01 AY322434

RM2667a Carles, Iloilo, Philippines Exact location

unknown

Exact location

unknown

Buyer B02 AY322464

RM2667b Carles, Iloilo, Philippines Exact location

unknown

Exact location

unknown

Buyer B01 AY322434

RM ¼ Redpath Museum, McGill University, 859 Sherbrooke St. W., Montréal, Québec H3A 2K6, Canada. P ¼ Tissue Sample in Redpath Museum.

MC ¼ Collection of Monruedee Chaiyapu, Department of Fisheries, Kasetsart University, Bangkok, Thailand. SW and SB ¼ Collection of Choo

Chee Kuang, University College of Science and Technology, Kuala Terengganu, Malaysia. TCM ¼ Traditional Chinese Medicine. Note: Haplotype

A01 appears three times in GenBank.
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Abstract

Marine butterflyfishes (10 genera, 114 species) are conspicuously beautiful and abundant animals found on coral reefs worldwide, and
are well studied due to their ecological importance and commercial value. Several phylogenies based on morphological and molecular
data exist, yet a well-supported molecular phylogeny at the species level for a wide range of taxa remains to be resolved. Here we present
a molecular phylogeny of the butterflyfishes, including representatives of all genera (except Parachaetodon) and at least one representa-
tive of all commonly cited subgenera of Chaetodon (except Roa sensu Blum, 1988). Genetic data were collected for 71 ingroup and 13
outgroup taxa, using two nuclear and three mitochondrial genes that total 3332 nucleotides. Bayesian inference, parsimony, and maxi-
mum likelihood methods produced a well-supported phylogeny with strong support for a monophyletic Chaetodontidae. The Chaetodon

subgenera Exornator and Chaetodon were found to be polyphyletic, and the genus Amphichaetodon was not the basal sister group to the
rest of the family as had been previously proposed. Molecular phylogenetic analysis of data from 5 genes resolved some clades in agree-
ment with previous phylogenetic studies, however the topology of relationships among major butterflyfish groups differed significantly
from previous hypotheses. The analysis recovered a clade containing Amphichaetodon, Coradion, Chelmonops, Chelmon, Forcipiger,
Hemitaurichthys, Johnrandallia, and Heniochus. Prognathodes was resolved as the sister to all Chaetodon, as in previous hypotheses,
although the topology of subgeneric clades differed significantly from hypotheses based on morphology. We use the species-level phy-
logeny for the butterflyfishes to resolve long-standing questions regarding the use of subgenera in Chaetodon, to reconstruct molecular
rates and estimated dates of diversification of major butterflyfish clades, and to examine global biogeographic patterns.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Biodiversity; Chaetodon; Molecular evolution; Phylogeny; Reef fishes
1. Introduction

Butterflyfishes are diverse and abundant marine perci-
form fishes that have spectacular coloration, high levels
of ecological and morphological diversity, and are found
on reefs throughout shallow, tropical seas. Because of these
features, they have attracted the enthusiasm and inquiry of
divers, scientists, and coral reef conservationists. Research-
1055-7903/$ - see front matter � 2007 Elsevier Inc. All rights reserved.

doi:10.1016/j.ympev.2007.05.018
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E-mail address: jfessler@fieldmuseum.org (J.L. Fessler).
ers have an enduring legacy of fascination with the butter-
flyfishes because they are a prominent focus for studies of
feeding specialization (Ferry-Graham et al., 2001a; Motta,
1985, 1988, 1989; Sazima and Sazima, 2001), feeding ecol-
ogy and resource partitioning (Cox, 1994; Pitts, 1991;
Pratchett, 2005; Zekeria et al., 2002), mating behavior
and pair bonding (Driscoll and Driscoll, 1988; Fricke,
1986; Hourigan, 1989; Tricas and Hiramoto, 1989; Yabuta,
1999, 2002), biogeography (Bellwood et al., 2004; Blum,
1989; Findley and Findley, 1989, 2001; Righton et al.,
1996), color patterns (McMillan et al., 1999), and the curi-
ous, armored, tholichthys larval stage (Leis, 1989). Butter-
flyfishes comprise a biogeographical mixture of species, in
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which some are highly restricted endemics whereas others
exhibit nearly circumtropical distributions. Although
recent research has generated phylogenetic hypotheses
using both morphological data (Ferry-Graham et al.,
2001b; Smith et al., 2003) and molecular data (Hsu et al.,
2007; Littlewood et al., 2004; McMillan and Palumbi,
1995) the exploration of evolutionary, ecological and bio-
geographic patterns remains limited by lack of a well-
resolved molecular phylogeny involving species from each
of the major chaetodontid clades. The present study pro-
vides a phylogenetic analysis of butterflyfishes with a wide
range of taxonomic sampling, enabling the examination of
evolutionary and biogeographic patterns among species
groups within the family.

The most comprehensive previous study of chaetodontid
phylogenetics was based on morphology (Blum, 1988).
Blum’s coding and analysis of butterflyfish morphological
characters persists as the most relied-upon taxonomic and
phylogenetic guide. This phylogeny was constructed using
composite taxa as representatives of subgenera, and a com-
bination of features of outgroups distilled to a hypothetical
ancestor. Ferry-Graham et al. (2001b) published a mor-
phologically-based phylogeny using several character state
revisions of Blum’s (1988) dissertation work. Smith et al.
(2003) updated, refined, and expanded this morphological
database, including new characters based on soft tissue
anatomy. The resultant phylogeny strongly supported the
monophyly of the Chaetodontidae, identified the major
clades within the family, and proposed a topology for the
branching pattern of Chaetodon subgenera.

An active area of evolutionary research on the family is
the phylogenetic placement of the long-jawed butterflyfishes.
This question is of interest in order to understand the evolu-
tion of several specializations of skull biomechanics in the
genera Forcipiger and Chelmon. The mechanism of feeding
in the long-jawed butterflyfishes has been explored from
the perspectives of quantitative kinematics, morphology,
and the trends in feeding that are apparent when integrated
with a phylogeny (Ferry-Graham et al., 2001b). This study
used the morphological phylogeny to propose a scenario
for the evolution of specialized jaw protrusion in the group.
Molecular evidence illuminating the evolution of this clade,
however, remains an important goal for the continued explo-
ration of ecological and evolutionary trends in this family.

Several molecular phylogenetic studies have been con-
ducted on butterflyfishes, including analysis of the cyto-
chrome b gene on a group of 13 Pacific species
(McMillan and Palumbi, 1997). This study questioned the
monophyly of the Chaetodon (Exornator) clade, finding
that C. argentatus (typically placed in Chaetodon subgenus
Exornator) grouped with members of the Roaops ‘‘tinkeri’’
complex. Further, they found that Chaetodon subgenera
were genetically structured by the Pacific and Indian Ocean
basins rather than by subgeneric assignment. A molecular
phylogeny focusing on the genus Chaetodon (Littlewood
et al., 2004) and based on the Genbank data of Nelson
et al. (unpublished) also conflicted in part with previous
hypotheses. The results of this analysis placed Parachaeto-

don as sister to C. trifascialis of the C. (Megaprotodon) sub-
genus and found monophyly of some Chaetodon

subgenera. These studies represent the first steps toward
resolution of relationships within Chaetodon using molecu-
lar data, but were not able to address broad-scale questions
of intrafamily relationships or species-level chaetodontid
phylogeny.

The phylogenetic composition and taxonomic utility of
many of the proposed generic and subgeneric groupings
within the Chaetodontidae remain to be explored. Some
butterflyfish systematists (Allen et al., 1998; Blum, 1988)
and the authors of popular aquarist books (Kuiter, 2002)
vary in the species comprising various subgenera and even
genera. The current study contains representatives of all
currently recognized genera and Chaetodon subgenera,
with the exception of the monotypic Parachaetodon ocella-

tus and Roaops (sensu Blum, 1988). Phylogenetic resolution
of the family will allow assessment of taxonomic subdivi-
sions within the family, and provide a framework for
reconstructing the patterns of diversification of these char-
ismatic reef inhabitants. Our goals in this contribution are
to (1) generate a phylogeny that tests species-level relation-
ships within the family Chaetodontidae, (2) assess the phy-
logenetic validity of the Chaetodon subgenera, and (3)
examine the relative rates of molecular evolution, dates
of divergence of major groups, and biogeographic history
of butterflyfishes.

2. Materials and methods

2.1. Taxon sampling and genes sequenced

We analyzed data from 71 butterflyfishes and 13 perci-
form outgroups for a total of 84 taxa. Ingroup taxa were
selected to maximize sampling of generic and subgeneric
ranking within the Chaetodontidae. Outgroups were
selected based on availability and consideration of numer-
ous past proposals of relational proximity to the butterfly-
fishes. Outgroups consist of the Zanclidae, Drepaneidae,
Ephippidae, Kyphosidae (including Microcanthus and
Atypichthys), Scatophagidae and members of the Pom-
acanthidae. The majority of past work has placed the Pom-
acanthidae as a sister family to the Chaetodontidae, and
recent research has raised the question of whether the Sca-
tophagidae might be the closest butterflyfish relatives (Bell-
wood et al., 2004). We therefore used a wide selection of
outgroups to provide resolution among several of the pos-
sible closest relatives to the Chaetodontidae.

We sequenced fragments of 5 genes for this study,
including 3 mitochondrial regions (12S, 16S, and ND3)
and 2 nuclear loci. The mitochondrial genes are all rela-
tively widely used markers for phylogenetics. Tmo-4C4 is
a single-copy nuclear DNA locus first isolated by Streel-
man and Karl (1997) for use in perciform fish phylogenetic
analysis, and thought to be similar to titin, a large protein
that contributes to muscle assembly and resting tension.
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Also from the nuclear genome, recombination activating
gene-2 (RAG2) works with RAG1 to synergistically acti-
vate V(D)J recombination, the process by which develop-
ing lymphocytes generate immune system diversity
(Oettinger et al., 1990). Both of these nuclear loci have
shown their utility in family-level phylogenetic studies of
fishes (e.g., Sparks and Smith, 2004; Westneat and Alfaro,
2005).
2.2. DNA extraction and PCR amplification

Muscle and gill samples preserved in ethanol were cut
into approximately 2 mm3 sections and processed using a
Puregene DNA isolation kit (Gentra Systems, Minneapo-
lis, MN). To increase our yield, we opted to include glyco-
gen in our DNA recovery step of the extraction. DNA was
stored at 4 �C, in the DNA hydration solution included in
the Puregene kit. To amplify extracted DNA, we mixed a
PCR cocktail solution that contained 2.5 ll 10· reaction
buffer (100 mM Tris–HCl, 500 mM KCl, 15 mM MgCl2,
pH 8.3; Roche, Mannheim, Germany), 1.5 ll of 8 mM pre-
mixed deoxynucleotide triphosphates, 0.1 ll of 5 U ml�1

Taq polymerase (Roche, Mannheim, Germany), and 1 ll
of each oligonucleotide primer, each at 10 lM concentra-
tion. To every 25 ll aliquot of the PCR cocktail, we added
1 ll of DNA stock (diluted 1:10 in some cases). Primers
used for amplification and sequencing are given in Table 1.
Some samples that initially amplified weakly were redone
using double the amount of DNA in a standard PCR with
the annealing temperature lowered by 5 �C. Each PCR
Table 1
Primers and primer sequences used for amplification and sequencing of the
five genes employed for phylogenetic reconstruction of the
Chaetodontidae

Gene Primer
name

Primer sequence

12s
rDNA

12s53F CAC AAA GGC TTG GTC CTG ACT TT
12s489F CTG GGA TTA GAT ACC CCA CTA TGC
12s613R TCG GTT CTA GAA CAG GCT CCT CTA G
12s991R GGT ACA CTT ACC ATG TTA CGA CT

Tmo 4C4 Tmo-f1-5 CCT CCG GCC TTC CTA AAA CCT CTC
Tmo-f1-6 GAA AAG AGT GTT TGA AAA TGA
Tmo-r1-3 CAT CGT GCT CCT GGG TGA CAA AGT

RAG2 Andy-f CTG GCC AAA ACG CTC ATG TCC AAC
RAG2-f1 GAG GGC CAT CTC CTT CTC CAA
Isben-f TGG AAC AGT GTM RTT GAC TGT CC
RAG2-f2 GAC TGT CCT CCT CAG GTG TTC
RAG2-r2 GTC TGT AGA GTC TCA CAG GAG AGC A
Fisk-r CCA CCA AAC CAT GTA CGA CTA TGG
RAG2-r3 GAT GGC CTT CCC TCT GTG GGT AC
JohnD-r GTG GAC TCC TGG CTG CAK CCC TG

16s AR CGC CTG TTT ATC AAA AAC AT
BR CCG GTC TGA ACT CAG ATC ACG T

ND3 F280 GAT GAG GMT CWT AAT CTT TCT AGT A
R750 TTG ATT TCG RCTC AAA ARW TTR TGG
used an annealing temperature of 60 �C and a cycle duration
of 30 s. PCR reactions were performed using an MJ
Research PTC-200 Peltier Thermal Cycler (MJ Research
Inc., Watertown, MA).

All PCR products were loaded and run on agarose
gels, then bands visually assessed for intensity, cut out,
and digested with GELase� Agarose Gel-Digesting Prep-
aration (Epicentre, Madison, WI). PCR products were
cycle sequenced using an ABI PRISM� Big Dye� Termi-
nator Cycle Sequencing Ready Reaction Kit, version 1.0
(Applied Biosystems, Foster City, CA). Each sequencing
reaction of 10 ll total volume contained 0.5 ll of Big
Dye, 0.5 ll of DNA, and 0.25 ll of each amplification
primer. Reactions were processed using 32 cycles at an
annealing temperature of 50 �C for 15 s, and extension
at 60 �C for 4 min. Forward and reverse labeled frag-
ments were analyzed on an ABI PRISM� 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA).
Sequences of both strands were determined for at least
one sample per species. Random re-extraction and re-
sequencing of taxa was performed throughout the project
for error checking.

2.3. Sequence alignment and partition congruence

Contiguous sequences of each forward and reverse
strand were joined using Sequencher 3.0 (Gene Codes Cor-
poration). 12S and 16S sequences were aligned to a second-
ary structure model for perciform fishes (Westneat and
Alfaro, 2005). The model and our sequences were imported
into Se-Al (Rambaut, 1996) and aligned manually. We
excluded ambiguously alignable regions and loop regions
from further analysis. Sequences for protein coding nuclear
genes were aligned automatically using Se-Al or MacClade
4.0 and visually edited for proper gap placement in regions
of insertion or deletion.

Genes were assessed for incongruence via separate anal-
ysis of each partition. We first conducted separate maxi-
mum likelihood and Bayesian analyses for each data
partition and surveyed corresponding nodes for support
and congruence. Nodes that differed between methods
but possessed low support values were treated as congru-
ent. No strongly supported nodes were found in a partition
tree that disagreed with strongly supported nodes from
other partition trees, so all gene fragments were combined
in subsequent analyses.

2.4. Phylogenetic analysis: likelihood and parsimony

Phylogenetic analyses were conducted using a beta ver-
sion of PAUP* (Swofford, 2000). We used ModelTest Ver-
sion 3.06 (Posada and Crandall, 1998) to eliminate the least
likely models from a limited set. We adopted the recom-
mended model for this analysis, which was (GTR+I+G)
selected by AIC in Modeltest (lset base = (0.2751, 0.2665,
and 0.2118), nst = 6, rmat = (1.9785, 12.5647, 2.3986,
0.8385, and 17.0951), rates = gamma, shape = 0.4423,
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pinvar = 0.4492). A heuristic likelihood search with 10 ran-
dom sequence additions was used to find the optimal tree.
We used the ML tree as a framework to compare sequence
divergence for each of the gene fragments. We also calcu-
lated likelihood scores in PAUP for each data partition
using the ML tree with and without a molecular clock
enforced.

For parsimony analyses, heuristic searches to find the
most parsimonious tree(s) were performed using tree bisec-
tion–reconnection (TBR) branch swapping. One thousand
random sequence addition replicates were used to minimize
the chance of finding only locally optimal trees (Maddison,
1991). All sites were equally weighted and gaps treated as
missing characters. We used nonparametric bootstrapping
(Felsenstein, 1985) to measure support of clades with
1000 total pseudoreplicates and TBR branch swapping
with 2 random sequence addition replicates per
pseudoreplicate.

2.5. Phylogenetic analysis: Bayesian inference

We performed a Bayesian analysis to calculate posterior
probabilities of clades using MrBayes 3.1.2 (Huelsenbeck
and Ronquist, 2001; Ronquist and Huelsenbeck, 2003).
Data was partitioned by gene in all analyses and we chose
the HKY model (Nst = 2), adopting a conservative
approach that did not over-parameterize the analysis in
response to advised caution against selecting a model more
complex than necessary (Huelsenbeck et al., 2004). Results
based on a more complex GTR model (Nst = 6) vs. a sim-
pler model, however, were tested in analyses using MrBa-
yes runs of ten million generations and we determined
that the model choice had little effect on topology and sup-
port values in this analysis.

A Markov chain Monte Carlo simulation was run for
10 million generations, with trees sampled and saved every
1000 generations (10,000 trees saved per run). We ran four
analyses, each with six chains, using the Illinois BioGrid
courtesy of DePaul University. Default settings were used
for all other parameters and included a flat prior, ts/tv
rate ratio of Beta 1,1, branch length of Exp 10, alpha
parameter of the gamma distribution of rate heterogeneity
as uniform 0.1–50, proportion of invariant sites as uni-
form 0–1, base frequencies of Dirichlet 1,1,1,1, and tree
topology parameters as uniform. All trees prior to both
stationarity and convergence of the runs were discarded
and a majority rule consensus was computed for those
remaining. We assigned the beginning region of the pla-
teau of stable log likelihood scores as the point at which
stationarity was reached (427,000 generations). Conver-
gence was reached when the value for the standard devia-
tion of split frequencies remained below 0.01 (6.2 million
generations). We therefore retained trees after 6.2 million
generations. All post-burn in tree files were concatenated
into a single file (totaling 15,200 trees), which was used
to compute a majority rule consensus tree and posterior
probabilities in PAUP*.
2.6. Hypothesis testing

To test the fit of various phylogenetic hypotheses to our
data set, we used the SH Test of Shimodaira and Hasegawa
(1999), which corrects for multiple comparisons, and tests
the hypothesis that each tree in a set of trees is an equally
good explanation of the data. We applied the RELL
method of resampling with 1000 bootstrap replicates and
p < 0.05. The test generated an average log likelihood for
the collection of trees being considered, re-centered the dis-
tribution, and corrected for the bias of finding the ML tree
and comparing suboptimal trees to it. Methods of hypoth-
esis testing differ between traditional frequentist statistical
approaches and the Bayesian school of hypothesis testing
(Ghosh and Heo, 2003). We chose a post hoc frequentist
approach to sampling the population of tree topologies
derived from the Bayesian analysis. We constructed four
filters, which consisted of several trees corresponding to
systematic hypotheses of interest: (1) our Bayesian consen-
sus solution similar to that in Fig. 1, without outgroups, (2)
the Bayesian consensus solution at the clade level of reso-
lution without outgroups, (3) taxa included in our analysis
rearranged to match the Smith et al. (2003) hypothesis
without outgroups, and (4) taxa included in our analysis
rearranged to match the Littlewood et al. hypothesis with-
out outgroups. These four filters were loaded as constraints
in PAUP* and used to determine the number of matching
trees from the Bayesian set of trees.

2.7. Rates, dates and evolutionary history

To investigate the possible dates of origin and diversifica-
tion of major butterflyfish groups, we employed the penal-
ized likelihood (PL) variable molecular clock module of
the r8s 1.70 software of Sanderson (1997, 2002). The Bayes-
ian MPP tree topology was used with the following parame-
ters: algorithm = tn, rates = gamma, shape = 0.53, and
smoothing = 10 (determined by cross validation). We set
the root age of the outgroup node at 65 million years old,
the transition between Mesozoic and Cenozoic marine fish
faunas, and the probable earliest origins of many reef fish lin-
eages (Bellwood and Wainwright, 2002). Using this date, we
would expect to see origins of the family Chaetodontidae and
Scatophagidae at or before 50 mya, marking the earliest
known fossil evidence of most reef fish families (Bellwood
et al., 2004). Few fossil Chaetodontidae are available for cal-
ibration, with the exception of Chaetodon ficheuri (Carne-
vale, 2004) a Chaetodon of uncertain phylogenetic position
from approximately 7 mya. Thus, we set a minimum age of
7 mya on the root node of the genus Chaetodon.

3. Results

Phylogenetic analysis resulted in a well-resolved hypoth-
esis of relationships at the species level (Fig. 1), and the tree
topology supported monophyly of the Chaetodontidae,
monophyly of all butterflyfish genera, and monophyly of



Fig. 1. Phylogeny of the Chaetodontidae resulting from Bayesian analysis of DNA sequences from 12s, 16s, ND3, Tmo-4c4, and RAG2 genes. The tree is
the majority-rule consensus of 4 synchronous 10 million generation MCMC runs resulting in 36,000 sampled post-burn in trees. Posterior probabilites are
indicated as the support for each node. Nodes corresponding to the families Chaetodontidae, Pomacanthidae, and Scatophagidae are labeled. Color
coding at the tips indicate biogeographic provinces. Color photos are identified by the first letters of genus and species in proximity to the photo (courtesy
of J.E. Randall and Fishbase.org).

54 J.L. Fessler, M.W. Westneat / Molecular Phylogenetics and Evolution 45 (2007) 50–68



Fig. 2. Maximim likelihood phylogeny of the Chaetodontidae resulting from a heuristic search using the GTR+I+G model. Traditional subgenera of
Chaetodon are indicated by gray boxes.
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most but not all of the Chaetodon subgenera (Fig. 2). C.

burgessi, which had been categorized as a member of sub-
genus Roaops, grouped within C. (Exornator) in our study,
rendering it polyphyletic. Chaetodon subgenus Chaetodon

(sensu Blum, 1988) was split into two non-sister groups.
Other clades of butterflyfishes were congruent with previ-
ous hypotheses, although hypothesis testing of our phylo-
genetic branching patterns showed that they differed
significantly from both the Blum (1988) morphological
and Littlewood et al. (2004) molecular hypotheses of rela-
tionships between genera and subgenera. The Chaetodonti-
dae originated approximately 37 mya, the origin of
Chaetodon was about 20 mya, and several of the species
complexes and sister pairs appear to have diverged within
the past few million years.
3.1. Phylogenetic analyses

The Bayesian inference (BI) analysis resulted in a 95%
credible set of 19,893 out of 21,393 unique trees sampled.
Fig. 1 shows the resulting topology with posterior proba-
bilities listed at each node. The maximum likelihood
(ML) analysis conducted in PAUP resulted in a ML topol-
ogy with a negative log likelihood of 28414.94 (Fig. 2). The
BI and ML topologies were nearly identical, and differed
only in the placement of taxa with very low support. Over-
all, we found five major divisions in butterflyfishes: (1) a
basal clade formed by Amphichaetodon, Chelmon plus Chel-

monops, and Coradion, (2) Hemitaurichthys and Johnran-

dallia with Forcipiger and Heniochus, (3) Prognathodes (4)
Chaetodon hoefleri plus C. robustus, and (5) the rest of
Chaetodon, including three major divisions within Chaeto-

don. We found strong support for monophyly of the genus
Chaetodon and tentatively support monophyly of most of
Blum’s (1988) subgenera with a few exceptions (Table 3).
All analysis methods split subgenus Chaetodon sensu Blum
(1988) into two groups that are now widely separated on
the BI tree. Our placement of C. striatus is with the Carib-
bean taxa portion of subgenus C. (Chaetodon). This taxon
was previously stated to be of uncertain position, and listed
separately in the Smith et al. (2003) analysis, who placed it
near, to but separate from, a monophyletic subgenus C.

Chaetodon and basal to C. (Rabdophorus). A portion of
C. (Chaetodon) remains the most basal sister to the rest
of Chaetodon. Excluding C. (Rabdophorus), the next most
basal split is similar to the Smith et al. (2003) hypothesis:
Table 2
Base composition, maximum percentages of divergence among Chaetodontida
ratios for each gene partition

Partition Nucleotides included %A %C %G %T M

12s 790 30.1 25.3 22.9 21.6 1
4c4 460 28.1 20.5 25.3 26.1
RAG2 765 21.9 26.1 26.4 25.6
16s 460 27.1 24.2 25.2 23.5
ND3 376 22.5 30.5 16.2 30.7 2
one node containing Chaetodon subgenera Lepidochaeto-

don, Roaops, and Exornator; the other containing subgen-
era Citharoedus, Corallochaetodon, Gonochaetodon,
Tetrachaetodon, Megaprotodon, Discochaetodon, the Carib-
bean section of C. (Chaetodon), and Rabdophorus (the last
two being where our hypothesis differs at this level in the
hierarchy). After that node, however, there are few other
comparable patterns except that C. (Exornator) remains
grouped with C. (Lepidochaetodon). In addition, C. bur-

gessi (subgenus Roaops sensu Blum, 1988) was placed
within C. (Exornator) in our analysis.
3.2. Data partitions, congruence, and the utility of molecular

characters

GenBank accession numbers for the nucleotide data are
the following: 12s (EF616820–EF616903), 16s (EF616904–
EF616985), ND3 (EF616986–EF617067), RAG2
(EF617068–EF617150), and Tmo-4C4 (EF617151–
EF617232). Combined analysis provided good resolution
at multiple levels of the phylogeny, and gene partitions dis-
played noticeably different base composition and Ti/Tv

ratios (Table 2). We obtained (after trimming primers)
981 bp of 12S, 511 bp of Tmo-4C4, 803 bp of RAG2,
640 bp of 16s, and 397 bp of ND3, for a total of 3332 bp.
After exclusion of short ends and ambiguous regions, we
used 790 bp of 12s, 460 bp of TMO4c4, 765 bp of RAG2,
460 bp of 16s, and 376 bp of ND3 for a total of 2851
characters.

Likelihood ratio testing (LRT) resulted in the rejection of
clock-like rates of evolution for all data partitions. Examina-
tion of the rates of each gene mapped onto the ML topology
(Figs. 3 and 4) illustrates the pace of nucleotide substitution
and the contribution of each gene to particular regions of the
tree. Mitochondrial 12s contributed characters that help to
resolve relationships both basally and among species, with
particularly useful sequence divergence among the banner-
fishes and coralfishes and among Chaetodon species-level
topology such as the Chaetodon clades 2 and 4 (Fig. 3a).
The 16s sequence (not illustrated) was most useful among
the outgroups and at deeper nodes in the tree. A faster locus
with more substitution along tip branches, ND3 was infor-
mative regarding relationships between closely-related taxa,
such as species pairs within Chaetodon and within Coradion

and Chelmon (Fig. 3b). The two nuclear genes contributed
useful information to resolve clades at multiple levels in
e and among all taxa, including outgroups, and transition to transversion

ax % ingroup divergence Max % divergence to outgroup Ti/Tv

0.93 18.18 3.27
7.18 20.87 4.25
6.96 24.66 2.87
9.47 24.96 3.52
4.66 58.45 3.78



Fig. 3. Evolutionary map of gene sequence change in two mitochondrial partitions in the Chaetodontidae. Substitution rates are illustrated on the
maximum likelihood topology for (a) the mitochondrial 12s and (b) mitochondrial ND3 gene. Note that these are character optimizations on the topology
of Fig. 2, not gene trees. Outgroups were included in the optimization of characters on the ML topology, but removed for the illustration.
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Fig. 4. Evolutionary map of gene sequence change in two nuclear partitions in the Chaetodontidae. Substitution rates are illustrated on the maximum
likelihood topology for (a) the nuclear TMO4c4 gene and (b) the nuclear RAG2 gene. Note that these are character optimizations on the topology in
Fig. 2, not gene trees. Outgroups were included in the optimization of characters on the ML topology, but removed for the illustration.
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the tree, and were nicely complementary in their information
content (Fig. 4). For example, Tmo-4C4 (Fig. 4a) was infor-
mative in the resolution of the Forcipiger clade plus closely-
related bannerfishes, whereas RAG2 helped to resolve some
of the species groups within Chaetodon such as Chaetodon

clade 4 (Figs. 1 and 4b).

3.3. Hypothesis testing of phylogenetic relationships

Four filters were used to search the total set of 15,200
Bayesian inference (BI) post-burn topologies. Results are
expressed as the number of trees found to be in agreement
and retained using each filter. The currently proposed
Bayesian inference (BI) solution without outgroups
(Fig. 1) filter retained a match of 2942 trees, or 18.3% of
the sampled trees. When our Bayesian tree was pruned to
include just the major clades of butterflyfishes, then 9171
matching trees are retained, or 26% of the sampled trees.
We found that zero trees in our Bayesian set matched either
the Smith et al. (2003) or Littlewood et al. (2004) hypoth-
eses. Our molecular phylogeny thus disagrees with the pre-
viously proposed pattern of branching among several of
the subgeneric clades within the genus Chaetodon in several
areas of the phylogeny (Fig. 5).

SH test results on the same four tree topologies assigned
the most favorable rank to the Bayesian consensus tree,
with a likelihood score of �29917.7, second to the Bayesian
consensus tree at the clade resolution, with a likelihood
score of �31951.2, third to the Smith et al. (2003) morphol-
ogy-based tree with a likelihood score of �32875.7, and the
least likely was the Littlewood et al. (2004) hypothesis with
a likelihood score of �39134.0.

3.4. Origins, divergence times, and biogeography

Penalized likelihood (Sanderson, 2002) estimates using
an initial root age estimate of 65 mya yielded an age esti-
mate for the Chaetodontidae + Scatophagidae + Pom-
acanthidae at about 54 mya, with the root of the family
Chaetodontidae at about 37 mya (Fig. 6 and Table 4),
the date of the major split between the ancestors of the
two major butterflyfish clades. The root of the first major
clade, including Amphichaetodon, Coradion, Chelmon, For-

cipiger, Johnrandallia, and Heniochus was estimated to be
33 mya, with some of the major splits between genera in
that clade ranging from 20 to 28 mya (Table 4). The second
major chaetodontid clade, Prognathodes + Chaetodon,
showed a root age of about 24 mya, with the estimated ini-
tial divergences among the sampled species from the four
major clades of Chaetodon occurring from about 9 to
14 mya (Fig. 6). Many of the species sister pairs and small
multi-species clades were estimated to have radiated in just
the past few million years (Table 4).

The vast majority of butterflyfishes are located in the
Indo-West Pacific, including members from all basal
clades. Biogeographic mapping of species locality onto
the phylogeny (Fig. 1) suggests that there have been three
invasions of clades from the Pacific into the Atlantic.
Two clades of butterflyfishes that live in the Atlantic are
adjacent to each other in the molecular tree (genus Prog-

nathodes and part of subgenus C. Chaetodon). A second
clade split from the now polyphyletic subgenus C. (Chaeto-

don), and also the Atlantic C. sedentarius of the C. (Exor-
nator) clade, are both Atlantic inhabitants. There are
many examples of clades that show a split into separate,
closely-related Pacific and Indian Ocean relatives or sis-
ter-species pairs (Fig. 1). Finally, Johnrandallia, Forcipiger,
and one species of Amphichaetodon are all members of the
diverse sister-group to Chaetodon that are located in the
Eastern Pacific Ocean. Although not included in the cur-
rent analysis, members of Prognathodes and subgenus C.
(Chaetodon) also occur in the Eastern Pacific.

4. Discussion

Phylogenetic analysis of molecular data for the Chae-
todontidae resulted in a robust phylogeny that agrees with
previous morphological hypotheses at the level of most
major clades and some of the relationships among butterf-
lyfish genera, but disagrees with earlier work regarding the
topology of relationships within Chaetodon. We use the
present molecular data set to statistically test previous phy-
logenetic hypotheses in a Bayesian framework and to
reevaluate taxonomic groupings within the family. Our
data support most genus-level nodes of the Blum (1988)
and Smith et al. (2003) data sets but support different rela-
tionships in other regions of the tree. We found strong sup-
port for four major clades within Chaetodon, and did not
support the Chaetodon subgenus C. (Exornator), which
contains the subgenus C. (Roaops), or subgenus C. (Chae-

todon) which was split into two non-sister groups. This
finding is consistent with the McMillan and Palumbi
(1995) result that C. argentatus, a member of Chaetodon

subgenus Exornator (sensu Blum, 1988) was instead form-
ing the basal section of the C. (Roaops) clade. The molecu-
lar phylogeny suggests a Pacific origin of the family
Chaetodontidae, with a likely date for genesis of the family
of about 37 mya at the end of the Eocene, somewhat more
recent than the origin of many other major reef fish groups
at 50 mya or earlier. Biogeographic analysis of the family
supports three invasions of the Atlantic/Caribbean region,
an early history of butterflyfish presence and diversification
in the Eastern Pacific, and a repeated pattern of Pacific/
Indian Ocean splits between sister-species pairs.

4.1. Phylogeny and taxonomy of the Chaetodontidae

Using a range of squamipinne outgroups, we found that
the monophyletic Chaetodontidae are most closely related
to a sister-family pair of Scatophagidae + Pomacanthidae
(Fig. 1). This particular relationship has not previously
been proposed, although Bellwood et al. (2004) identified
this closely-related triumvirate and placed the scats as sister
to the butterflyfishes. A more complete sampling at the



Fig. 5. A comparison of (a) the morphological topology of Smith et al. (2003) to (b) the present molecular hypothesis for the Chaetodontidae. Major
features of the higher-level tree are similar, with the exception of the position of Amphichaetodon, however phylogenetic relationships among subgroups
(often defined as subgenera) within the genus Chaetodon (light gray boxes) show significant topological differences. Chaetodon subgenera for which
monophyly is rejected are indicated by dark gray boxes.
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Fig. 6. A chronogram for the family Chaetodontidae and close relatives, based on penalized likelihood analysis (r8s software, Sanderson, 2002). Major
clades of interest are labeled with estimated ages in millions of years.
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species level among the various squamipinne families will
be required to assess how molecular phylogenetics can con-
tribute to the higher-level question of interfamily
relationships.

The Chaetodontidae are split into two major lineages,
the ‘‘bannerfish + coralfish’’ lineage that also includes
Amphichaetodon and the long-nosed Forcipiger, and the
‘‘butterflyfish’’ lineage that includes Prognathodes and
Chaetodon (Fig. 1). This topology with two large sister-
clades has not been previously proposed. Previous mor-
phological studies, primarily based on the dataset of Blum
(1988), identified three primary clades, consisting of (1) a
clade of Amphichaetodon, (2) a clade of Chelmonops, Chel-

mon, Coradion, Forcipiger, Hemitaurichthys, Heniochus,
and Johnrandallia, and (3) a clade of Chaetodon,
C. (Roa), and Prognathodes. Our molecular phylogeny agrees
with the higher-level structure of these hypotheses, with
some exceptions (Fig. 5). Our study did not find Amphi-

chaetodon to be the sister-group to all other butterflyfishes,
as in previous studies, however it was placed with strong
support at the base of the clade also containing Coradion,
Chelmonops and Chelmon (Fig. 5). Other differences at
varying taxonomic levels are worth noting. For example,
we found high support for (Chelmonops + Chelmon) with
Coradion as sister to them, rather than the Smith et al.
(2003) result of ((Chelmon + Coradion) + Chelmonops).
Finally, our analysis resolved the previous polytomy pre-
sented by Blum (1988) of (Forcipiger + Hemitaurichthys +
Heniochus + Johnrandallia).

Also in agreement with morphological topologies, Prog-
nathodes remained the sister-group to the genus Chaetodon.
Within Chaetodon, however, relationships among the sub-
genera bear less likeness to previous hypotheses (Fig. 5).
In our study, subgenus Rabdophorus was more deeply
nested than as reported in the morphologically-based tree.
Smith et al. (2003) placed C. (Rabdophorus) basal to the
clade containing C. (Exornator) + C. (Lepidochaetodon).
We found C. (Exornator) grouped with C. (Lepidochaeto-
don) and immediately basal to C. (Rabdophorus). Smith
et al. (2003) also found C. (Discochaetodon) with C. (Cor-

allochaetodon) + C. (Citharoedus); we found C. (Discochae-

todon) + C. (Tetrachaetodon) (with low support) but also
our node uniting all of C. (Discochaetodon) + C. (Tetra-

chaetodon) with C. (Megaprotodon) as sister emerged with
high support. The position of C. (Gonochaetodon) differed
as well. Smith et al. (2003) placed C. (Gonochaetodon) as
sister to (C. (Discochaetodon) + (C. (Corallochaeto-

don) + C. (Citharoedus))), whereas our results show a
well-supported node with C. (Gonochaetodon) the sister
to ((C. (Discochaetodon) + C. (Tetrachaetodon)) + C.

(Megaprotodon)).
Most discussions of butterflyfish taxonomy have largely

followed Blum (1988) and Smith et al. (2003). However, a
number of other taxonomies are also widely used, and this
has created some confusion in this literature (Allen et al.,
1998; Burgess, 1978; Kuiter, 2002) due to the practice of
retaining the same subgenus name for different sets of taxa
in popular aquarium books without formal revision. Here
we summarize the current sets of species included in Chae-

todon subgenera (Table 4) in order to illustrate this diver-
sity of taxonomies. Blum (1988) modified membership in
many of the subgenera of Burgess (1978), elevated Roa

and Prognathodes from subgenus to genus status, and
demoted Parachaetodon from genus to subgenus level.
Blum (1988) also recognized C. (Roaops) and C. (Exorna-

tor), but eliminated the use of C. (Rhombochaetodon),
C. (Heterochaetodon), C. (Chaetodontops), and C. (Pseudo-

chaetodon). Kuiter (2002) largely followed these
conventions while modifying membership of C. (Lepido-

chaetodon), C. (Roaops), C. (Exornator), and C. (Rabdo-

phorus), recognizing C. (Rhombochaetodon) and
C. (Heterochaetodon) which had been eliminated by Blum
(1988), and following the use of Parachaetodon as a genus.
Regarding these membership modifications, one interesting
point is that the species Chaetodon reticulatus and C. col-

lare are strikingly similar in appearance. Blum (1988), how-
ever, placed C. reticulatus some distance away from
C. collare and with both C. ornatissimus and C. meyeri

(as part of subgenus C. Chaetodon), a decision which Kuit-
er (2002) reversed. While the current study did not find
monophyly of the entire subgenus C. (Chaetodon), our data
agreed with the Blum (1988) conclusion and did not sup-
port a close relationship between C. collare and C. reticul-

atus. Allen et al. (1998) largely followed the grouping of
Burgess (1978) but recognized Prognathodes as a genus
and also eliminated the use of Pseudochaetodon. The result
is a taxonomy for species within the single genus Chaetodon
upon which there is significant disagreement.

We evaluated the membership of Chaetodon subgroups
by assessing their validity strictly in terms of monophyly in
our phylogenetic hypothesis (grayscale coding of Table 3)
without proposing any taxonomic changes. Our current
study included enough taxa to evaluate over half of these
groupings. We considered a hypothesis of monophyly par-
tially testable if we were able to acquire at least two of the
taxa, although we often had many species from a group.
We conclude that there is a strong genetic basis for subdivid-
ing the genus Chaetodon into four major clades (using Blum
(1988) subgeneric definitions): (1) C. (Chaetodon), (2)
C. (Lepidochaetodon) + C. (Roaops) + C. (Exornator), (3)
C. (Corallochaetodon) + C. (Citharoedus) + C. (Gonochae-

todon) + C. (Tetrachaetodon) + C. (Megaprotodon) +
C. (Discochaetodon), and (4) C. (Rabdophorus). Each of these
clades received phylogenetic support with long branch
lengths (Figs. 1 and 2) and seem likely to withstand addi-
tional species and genetic sampling. The node corresponding
to the monophyletic C. (Rabdophorus) clade received lower
support than the other clades (Fig. 1). However, in an explor-
atory Bayesian analysis excluding the ND3 partition, the
root node of C. (Rabdophorus) had much higher posterior
support (100), although it showed a corresponding loss of
resolution within the clade.

If the basal Chaetodon genus stands, then the other 3
major cladistic groups would require elevation to genus
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Asterisks (*) denote taxa that are excluded from a particular hypothesis, which in some instances was prior to the discovery of that taxon. Taxa analyzed in
the current study are denoted by

p
after the name.
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level, thus having the highly desirable effect of eliminating
the proliferation of subgenera. Within clade 2, our phylog-
eny rejects the Blum (1988) C. (Exornator) subgenus as poly-
phyletic. Within clade 3, our phylogeny tentatively supports
the monophyly of all six Chaetodon subgenera (Corallochae-

todon, Citharoedus, Gonochaetodon, Tetrachaetodon, Meg-

aprotodon, and Discochaetodon), but we question the
utility of subgeneric groups each containing few members
(some with 1–5 species each) when the group of 19 species
forms a monophyletic group that might receive a single tax-
onomic designation. The current phylogeny also rejects
the Kuiter (2002) membership of C. (Rhombochaetodon),
C. (Exornator), C. (Rabdophorus), and C. (Chaetodontops),
and the Allen et al. (1998) definition of C. (Chaetodon),
C. (Rabdophorus), and C. (Chaetodontops). We predict that
the four main clades of Chaetodon will stand up to further
taxonomic sampling, and that additional sequencing of spe-
cies in the subgenus C. (Roaops) will result in unification of
C. (Roaops) and C. (Exornator).

Overall, we found that the many Chaetodon subgenera
do not clarify taxonomy or phylogeny. To the contrary,
the variable subgenera with alternative definitions have pri-
marily made the discussion of butterflyfish taxonomy more
difficult. We conclude that complete species sampling of the
entire Chaetodon group, additional molecular data, and a
synthesis of molecular and morphological approaches will
be required before researchers should propose additional
formal classification schemes at the genus and subgenus
level for the butterflyfishes.

4.2. Evolutionary tempo and biogeography of the

butterflyfishes

The butterflyfishes appear to have shared a common
ancestor with the Scatophagidae and Pomacanthidae
about 54 million years ago, and the first divergence
within the Chaetodontidae was reconstructed to have
occurred approximately 37 mya (Fig. 6). Thus, the early
diversification of the family Chaetodontidae occurred in
the early Oligocene, during the increasing subdivision of
the broad Tethys Sea that has been implicated in the ori-
gin and diversification of many reef fish clades (Bellwood
and Wainwright, 2002). Most chaetodontids are distrib-
uted in the Indo-Pacific ocean basins, although a concen-
tration of Eastern Pacific and Atlantic/Caribbean taxa
provide some interesting biogeographic implications of
the phylogeny. Amphichaetodon and Forcipiger have both
Eastern Pacific and Indo-West Pacific distributions, with
no members in the Atlantic. These two genera split off
from their coralfish and bannerfish relatives between 20
and 30 mya (Fig. 6). If, from an Indo-West Pacific origin,
dispersal was via the ancient Tethys Sea and across the
Atlantic into the Eastern Pacific prior to the Terminal
Tethyan event (closing of the Middle Eastern land
bridge), it appears that Amphichaetodon and Forcipiger

left no Atlantic descendents. Alternatively, dispersal
could have been eastward across the East Pacific Barrier,
a vast expanse of land-free ocean spanning 5000 km. The
presence of such a barrier is both disputed and supported
in various studies on a wide assortment of taxa (Briggs,
1995; Grigg and Hey, 1992; Lessios et al., 1998). Our
data contain examples from different clades that may
support several alternative hypotheses of dispersal routes.
The broad distribution of F. flavissimus suggests that
trans-Pacific dispersal should be considered for this
group that includes the Eastern Pacific Johnrandallia

and the widespread bannerfishes of the genus Heniochus.
In contrast, the genus Prognathodes and subgenus
C. (Chaetodon) have members in the Eastern Pacific,
Indo-West Pacific and the Atlantic, which is consistent
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with dispersal to the Atlantic either through the
Panamanian isthmus or around the southern tip of Africa.

The primary biogeographic patterns of Prognathodes and
Chaetodon are of several independent occurrences in the
Atlantic basin dating to early divergence times, and a more
recent pattern of species pairs split into Pacific and Indian
Ocean inhabitants. Prognathodes and Chaetodon both have
members in the Atlantic, and because C. sedentarius is now
confirmed to be a member of the Chaetodon clade 2, there
are three Chaetodon clades with species in the Atlantic. This
is a similar pattern to the multiple lineages of labrid fishes
that have Atlantic and Caribbean representatives (Westneat
and Alfaro, 2005). The present sampling and distribution
pattern (Fig. 1) raise the possibility that the main butterfly-
fish lineage originated in the Atlantic and subsequently
diversified into the Indo-Pacific. Ideally, to address these
questions of origin and dispersal, one would need a complete
sampling of Prognathodes and subgenus Chaetodon, as the
partial species sample in this basal region of the tree limits
our ability to optimize biogeographic characters at the root
of this main butterflyfish clade. However, the third example,
that of C. sedentarius, is a much more recent invasion of the
Atlantic, dated here at about 1.6 mya. This may be too
recent to be a split due to closure of the Panamanian isthmus,
and may be more likely to be attributed to dispersal around
the southern tip of Africa from the Indian Ocean, which has
been implicated in the dispersal of angelfishes (Bowen et al.,
2006).

Molecular rates resulted in the estimate that Prognath-

odes and Chaetodon split approximately 24 mya and the
subsequent divergences into the four main clades of Chae-

todon occurred from 20 to about 14 mya (Fig. 6). This is a
Table 4
Lineage rate/time analysis for the butterflyfish phylogeny, showing the estima
penalized likelihood (r8s software, Sanderson, 2002)

Node

Root age (fixed at 65.0)
Chaetodontidae + Scatophagidae + Pomacanthidae
Pomacanthidae
Chaetodontidae
‘‘Bannerfishes’’ (Amphichaetodon to Heniochus)
Amphichaetodon to Chelmon

Forcipiger to Heniochus

Johnrandallia + Heniochus

Heniochus

Forcipiger

Prognathodes + Chaetodon

Chaetodon (minimum age 7.0)
Chaetodon clade 1 (hoefleri + robustus)
Chaetodon clade 2 (kleinii to guentheri)
C. sedentarius + miliaris + guentheri + dolosus

C. paucifasciatus + mertensii + xanthurus

Chaetodon clade 3 (austriacus to zanzibariensis)
C. ornatissimus + reticulatus + meyeri

C. rainfordi + octofasciatus

Chaetodon clade 4 (ocellatus to ulietensis)
C. capistratus + striatus + ocellatus

C. melannotus + ocellicaudus

C. falcula + ulietensis
period of diverse coral reef assemblages in the Tethys Sea
(Bellwood and Wainwright, 2002), suggesting that the
widespread ecological niche of consuming coral polyps by
butterflyfishes (Pratchett, 2005) may have originated dur-
ing this period. Interestingly, the three most species-rich
clades of Chaetodon all originated about 14 mya, about
the time of closure of the Tethys and final formation of sep-
arate Atlantic and Pacific basins between 12 and 18 mya.
These origins considerably predate the earliest fossil evi-
dence of Chaetodon, the Miocene butterflyfish C. ficheuri

(Carnevale, 2006) of the lower Messinian, at approximately
7 mya. However, this fossil fits in nicely with the present
phylogeny as it was tentatively placed by Carnevale
(2006) as close to Chaetodon kleinii, forming part of the
basal sister clade to the rest of Chaetodon clade 2 which
diverged into currently living species during the last 10 mil-
lion years (Fig. 6).

At finer levels of resolution within the genus Chaetodon,
there are multiple species distribution splits between the
Pacific and Indian Oceans (Fig. 1). For example, in Chae-

todon clades 3 and 4 (Fig. 1), there are a total of seven sam-
pled Indian Ocean basin species that have close relatives
with disjunct distributions in the Pacific. Most of these
divergences have occurred within the past 5 million years,
and some of them (e.g., C. falcula + C. ulietensis) have
apparently occurred within the past few hundred thousand
years (Table 4). The Pliocene and Pleistocene were a turbu-
lent time for shallow, reef associated animals, with exten-
sive sea level changes resulting in the drying of reefs
(Haq et al., 1987), and frequent cooling events that were
responsible for faunal turnovers in many reef regions.
Although the biogeographic provinces are different, the
ted ages for major clades and estimates of local substitution rates using

PL age (mya) Local rate

65.00
54.29 0.0047
35.34 0.0028
36.72 0.0032
33.49 0.0025
27.80 0.0019
24.19 0.0033
20.15 0.0027
12.80 0.0023
10.90 0.0036
23.93 0.0036
19.67 0.0036
9.75 0.0037

14.04 0.0035
1.64 0.0051
0.87 0.0028

14.51 0.0032
3.22 0.0033
4.01 0.0039

13.96 0.0039
8.65 0.0040
3.72 0.0031
0.26 0.0021
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timing of divergences are similar to the pattern of rapid
speciation in the parrotfish genus Sparisoma that took
place 2.8–5.6 million years ago (Bernardi et al., 2000; Rob-
ertson et al., 2006), corresponding to periods of sealevel
fluctuation and extinction of corals in the Caribbean 1–4
million years ago (Johnson et al., 1995).

An important emerging trend in coral reef fish biogeog-
raphy is the relatively recent and fairly rapid pace of clad-
ogenesis on branches that may extend back into the
Oligocene or Eocene, resulting in the radiation of species
richness in many reef-fish clades that we see in the oceans
today. Robust, well-supported molecular phylogenies for
coral reef fish lineages are the key to recent advances in
the evolutionary biology and biogeography of marine
fishes. Increased genetic and genomic data integrated with
morphological information, and the ability to set confi-
dence limits on historical divergence times of clades with
fossil information and flexible molecular clock approaches
will continue to clarify the fascinating biogeographic his-
tory of coral reef fishes.
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ABSTRACT

Aim To use recently published phylogenies of three major reef fish families to

explore global patterns of species origin and dispersal over the past 65 million

years. The key questions are: when and where did reef fishes arise, and how

has this shaped current biodiversity patterns?

Location Biogeographic reconstructions were performed on globally distrib-

uted reef fish lineages. Patterns of lineage origination and dispersal were

explored in five major biogeographic regions: the East Pacific, the Atlantic,

the Indian Ocean, the Indo-Australian Archipelago hotspot, and the Central

Pacific.

Methods A dispersal, extinction and cladogenesis (DEC) model implemented

in Lagrange was used to infer the most likely biogeographic scenarios at

nodes on chronograms of three diverse reef fish families (Labridae, Pomacen-

tridae, Chaetodontidae). For the terminal branches ANOVA was used to com-

pare patterns of origination on a regional and global scale. Patterns of

origination and dispersal were examined within discrete time periods for the

five biogeographic regions.

Results Temporal examination of hypothetical ancestral lineages reveal a pat-

tern of increasing isolation of the East Pacific and Atlantic regions from the

Eocene, and the changing role of the Indo-Australian Archipelago from a loca-

tion of accumulating ranges in the Palaeo/Eocene, a centre of origination in

the Miocene, to extensive expansion of lineages into adjacent regions from the

Pliocene to Recent.

Main conclusions While the East Pacific and Atlantic have a history of isola-

tion, the Indo-Australian Archipelago has a history of connectivity. It has

sequentially and then simultaneously acted as a centre of accumulation (Palae-

ocene/Eocene onwards), survival (Eocene/Oligocene onwards), origin (Miocene

onwards), and export (Pliocene/Recent) for reef fishes. The model suggests that

it was the proliferation and expansion of lineages in the Indo-Australian Archi-

pelago (the Coral Triangle) during the Miocene that underpinned the current

biodiversity in the Indian and Pacific Oceans.

Keywords

Biodiversity hotspot, centre of origin, coral reef, Coral Triangle, DEC model,

dispersal, evolution, Indo-Australian Archipelago, Lagrange, survival.

INTRODUCTION

Understanding the historical forces shaping biodiversity is an

important aspect of marine biogeography. More than 5000

species of fishes are associated with coral reefs globally (Bell-

wood et al., 2010). A maximum diversity is reached on reefs

within the central Indo-Australian Archipelago (IAA), the

largest marine biodiversity hotspot. This ‘bull’s eye’ pattern

has both latitudinal and longitudinal gradients in diversity.

The latitudinal gradients in species diversity away from the
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IAA hotspot have been recognized for some time (Ekman,

1935; Rosen, 1981), and reflect the temperate–tropical gradi-

ents seen in terrestrial systems. However, the longitudinal

decline in marine species diversity has inspired much debate

in the literature (Palumbi, 1997; Briggs, 1999; Hoeksema,

2007). Central to the debate over the last 30 years have been

three cornerstone ‘centre of’ hypotheses describing the origin

and maintenance of faunal diversity within the IAA hotspot:

whether it is a centre of origin, overlap, and/or accumulation.

As in terrestrial biogeography, rates of origination have been

used as the primary basis for evaluating these various hypotheses.

These hypotheses examine processes maintaining biodiversity in

the IAA hotspot and are framed within the context of the Indo-

Pacific region. Yet, the Indo-Pacific does not exist in isolation.

There has been little attempt to explore global patterns of origi-

nation and dispersal between regions to directly compare the

major marine biogeographic provinces. Particularly, how do rates

of origination within the IAA compare with those of adjacent

regions in the Indo-Pacific (Indian Ocean, Central Pacific) and

other more distant regions (Atlantic, East Pacific)? There are

challenges to addressing these questions. The lack of physical bar-

riers in the marine environment and connectivity through larval

dispersal has blurred the biogeographic origins of marine species

(Bellwood & Meyer, 2009a). Even on shallow time-scales it is

often unclear whether speciation has occurred in allopatry

through vicariance, or in sympatry (Barraclough & Vogler, 2000;

Losos & Glor, 2003; Rocha et al., 2005; Quenouille et al., 2011).

However, large-scale patterns are becoming increasing open to

quantitative evaluation (e.g. Hughes et al., 2002; Floeter et al.,

2008; Rocha & Bowen, 2008; Williams & Duda, 2008). Neverthe-

less, a detailed appraisal of global patterns in origination and dis-

persal among the major biogeographic regions for coral reef

fishes remains to be seen.

Since their initial formulation by Potts (1985) in the con-

text of reef building corals, the three ‘centre of’ hypotheses

have been repeatedly modified and expanded (reviewed by

Bellwood et al., 2012) in an attempt to explain the extensive

overlapping and widespread ranges seen in multiple coral reef

taxa (Hughes et al., 2002; Connolly et al., 2003). Furthermore,

a fourth ‘centre of survival’ (Heck & McCoy, 1978; Barber &

Bellwood, 2005) has been added which seeks to explain why

most of the taxa remain in the IAA regardless of the location

of origin of the taxa. This hypothesis allows multiple sources

of biodiversity, widespread ranges and post-speciation range

expansion. Recent study has shown that coral reefs may pro-

vide the mechanism for this survival in the IAA, allowing both

higher rates of diversification and reduced vulnerability to

extinction for associated lineages (Cowman & Bellwood,

2011). Several phylogeographic studies of reef fish evolution

centred in the IAA have invoked one or more of the ‘centre

of’ hypotheses to explain current biogeographic patterns (Ber-

nardi et al., 2002; McCafferty et al., 2002; Timm et al., 2008).

However, there has been no family-level study for reef fishes

exploring congruence in global patterns of biogeographic orig-

ination, dispersal and geographic range inheritance in a tem-

poral framework. Central questions regarding rates and

locations of origination, direction and amplitude of dispersal

over time, and the extent of range inheritance along lineages

need to be answered before we can begin to understand the

drivers of coral reef biodiversity. To answer these questions a

global perspective is needed, for multiple groups, across all of

the major marine biogeographic realms.

The circum-tropical belt can be divided into three major

realms: the Indo-Pacific, Atlantic, and East Pacific. These

realms are distinguished by a taxonomic makeup resulting

from a long history of vicariance associated with both hard

and soft barrier formation dating as far back as the Eocene

(Bellwood & Wainwright, 2002; Floeter et al., 2008). The for-

mation of three separate barriers has acted to divide these

regions: (1) the East Pacific Barrier (EPB), an open expansion

of ocean which separates the Indo-Pacific from the East Paci-

fic; (2) the Terminal Tethian event (TTE), which largely cuts

off dispersal between the Indo-Pacific and the Atlantic (but

see Bowen et al., 2006); and (3) the Isthmus of Panama

(IOP), which separates the Atlantic from the East Pacific

(reviewed by Lessios, 2008). Within the Indo-Pacific, the lack

of hard barriers (land bridges) has allowed many taxa to

maintain widespread geographic ranges spanning from the

east coast of Africa to islands in the central Pacific, or in some

cases to the Pacific coast of the Americas (Hughes et al., 2002;

Reece et al., 2011). However, the combination of tectonic

activity and several semi-permeable hydrological barriers (Bar-

ber et al., 2000, 2002; Santini & Winterbottom, 2002) has

resulted in a complex distribution of taxa including both pro-

vincial endemics and widespread species that characterize the

Indian Ocean, the IAA hotspot, and the Central Pacific island

arcs (Bellwood & Wainwright, 2002; Jones et al., 2002; Con-

nolly et al., 2003; Hoeksema, 2007). These conditions make it

extremely difficult to identify origination and directionality of

dispersal between regions. For both endemic taxa and those

that are widespread across the entire Indo-Pacific (Indian

Ocean, IAA, Central Pacific) we need to answer several ques-

tions: (1) In what region did a lineage first arise? (2) To what

extent has within-region and between-region origination con-

tributed to patterns of diversity? (3) How has dispersal

affected their distribution? In a temporal framework, the

answers to these questions will illuminate both the evolution-

ary history of the IAA hotspot, and its relationship with adja-

cent and distant geographic regions.

Within the IAA, it may be difficult to detect the overall

contribution of vicariant speciation through isolation due to

the transient nature of barriers and rapid dispersal potential

of marine fishes (Quenouille et al., 2011). However, on a lar-

ger taxonomic and geographic scale, vicariance between

biogeographic regions may be clearly observed in deeper lin-

eages (Losos & Glor, 2003). Likewise, at a regional scale it

may be beneficial to quantify the extent of lineage origina-

tion within a biogeographic region (regional origination)

versus between regions. In considering dispersal between

regions, it is important to quantify the frequency with which

dispersal is followed by vicariance and whether it reflects the

palaeogeographic record.
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To address these issues, we examine inferred patterns of

origination and dispersal in the reef fish families Labridae,

Pomacentridae and Chaetodontidae under a dispersal, extinc-

tion and cladogenesis (DEC) model. All three families are

amongst the most diverse and abundant families distributed

on coral reefs globally (Bellwood & Wainwright, 2002). They

also inhabit other tropical reef habitats as well as more tem-

perate latitudes within the five biogeographic regions. Chron-

ograms for these families have recently been reconstructed

that include the highest taxon sampling to date (45% labrids,

46% pomacentrids, 75% chaetodontids), with relatively even

representation in all regions and habitats (Cowman & Bell-

wood, 2011; see Table S1, Appendix S1 in the Supporting

Information). These chronologies show remarkable congru-

ence in the tempo of diversification (Cowman & Bellwood,

2011), with previous work highlighting temporal concor-

dance in trophic innovation (Cowman et al., 2009; Bellwood

et al., 2010). The three families contain endemic species in

most major regions, as well as widespread species (Moura &

Sazima, 2000; Jones et al., 2002; Kuiter, 2002; Floeter et al.,

2008; Craig et al., 2010). Previous studies have explored

biogeographic patterns of various taxa within each family

(Floeter et al., 2001, 2008; McCafferty et al., 2002; Barber &

Bellwood, 2005; Rocha et al., 2005; Westneat & Alfaro, 2005;

Beldade et al., 2009; Hodge et al., 2012). However, there has

been no biogeographic reconstruction of ancestral ages at the

family level. These three families, therefore, present ideal

candidates for ancestral range reconstruction and the explo-

ration of patterns of origination on coral reefs. Using

recently developed software for biogeographic reconstruction

(Ree & Smith, 2008) hypothetical inheritance scenarios along

the molecular lineages can be inferred from extant ranges.

This can provide us with a framework in which we can assess

patterns of origination within each region, and dispersal

between them.

The aim of this study, therefore, is to examine patterns of

origination and dispersal in the biogeographic histories of

the Labridae, Pomacentridae and Chaetodontidae. In a global

context this will provide an opportunity to evaluate possible

sources of current biodiversity, directionality of dispersal,

and the relationship between the major biogeographic realms

over the past 65 Myr. The specific questions to be answered

are:

1. Do the three focal families of coral reef fishes display

congruent patterns of origination on a global scale?

2. How have post-speciation dispersal and range inheritance

contributed to current patterns of biodiversity of coral reef

fishes?

3. Has the role of the IAA hotspot changed through time?

MATERIALS AND METHODS

Chronologies and geographic range data

Recently constructed chronograms for the families Labridae

(wrasses), Pomacentridae (damselfishes) and Chaetodontidae

(butterflyfishes) were used in the ancestral range reconstruc-

tion analysis. These chronograms were obtained using Bayes-

ian inference and fossil data (see Cowman & Bellwood,

2011). The chronograms focused on relative ages within the

three families. Given the uncertainty in stem lineage ages

some older origins may be possible for some taxa, especially

the Chaetodontidae (Santini et al., 2009). The geographic

ranges of all nominal species in each family were assessed

using published sources (Randall et al., 1990; Allen, 1991;

Allen et al., 1998; Kuiter, 2002; Randall, 2005) and FishBase

(Froese & Pauly, 2011). Geographic ranges were allocated

into five separate regions: (1) Indian Ocean, (2) IAA, (3)

Central Pacific, (4) East Pacific, and (5) Atlantic (Table S1,

Appendix S1; areas incorporated in each region provided in

Table S2, Appendix S1). Presence within a geographic region

required a record of one location within the region; there

was no limit to the number or order of regions occupied.

Temperate lineages are included in each region for each of

the three families to maintain taxonomic completeness of

clades where possible. For taxa sampled in the chronograms,

the presence or absence of a species in each region was

coded as a character state to be used in the ancestral range

reconstruction (Table S3, Appendix S1). Although not com-

plete, all major lineages and tribes contain high and relatively

even taxon sampling across all regions (Table S1, Appendix

S1).

Ancestral range reconstruction

Reconstruction of ancestral ranges based on the time-cali-

brated phylogenies was implemented in the program Lag-

range 2.01 (likelihood analysis of geographic range

evolution; Ree & Smith, 2008). Lagrange implements a

maximum likelihood approach based on a stochastic model

of geographic range evolution involving dispersal, extinction

and cladogenesis (DEC model). The DEC model imple-

mented by the Lagrange program has been used in several

recent studies of various taxa: plants (Smith, 2009), snakes

(Kelly et al., 2009), insects (Ramı́rez et al., 2010), and gastro-

pods (Göbbeler & Klussmann-Kolb, 2010). In marine fishes,

it has been used to investigate biogeographic patterns in the

smelt Hypomesus (Ilves & Taylor, 2007). Buerki et al. (2011)

show, using palaeogeographic evidence, that it can lead to

more accurate reconstructions than previous approaches,

provided care is taken with defining the initial model.

In the DEC model, anagenetic (internode) range evolution

is governed by a Q matrix of instantaneous transition rates

that infer dispersal (range expansion) between geographic

regions, or local extinction (range contraction) within a

region along phylogenetic branches that can be calibrated to

time (Ree & Smith, 2008). The model also allows global rates

of dispersal and local extinction to be estimated by maxi-

mum likelihood (Ree & Smith, 2008). Dispersal was

restricted to only occur between adjacent regions.

Cladogenetic (node speciation) change is modelled under

three alternative inheritance scenarios (Ree et al., 2005): (1)
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vicariance, where a widespread ancestor diverges across a

regional boundary with descendants present in adjacent

regions (Fig. S1a, Appendix S2); (2) within-region origina-

tion, where the ancestor and both descendants are present in

the same region (Fig. S1b, Appendix S2); and (3) peripheral

cladogenesis, where an ancestral lineage maintains a range

across more than one of the defined regions, while one

descendant originates within one of the regions (Fig. S1c,

Appendix S2). The third range inheritance scenario allows a

widespread ancestral range to be inherited by a single

descendant lineage. It is this scenario that will be most useful

in modelling range evolution within these fish families,

which is not implemented in traditional range reconstruction

software such as diva (Ronquist, 1997). For each node,

range inheritance scenarios are ranked according to the frac-

tional likelihood they received by the analysis. Where other

likely scenarios exist for range inheritance, Lagrange ranks

these scenarios within two log-likelihood units of the optimal

scenario.

Lagrange also allows constraints to be placed on the

DEC model to reflect past geological events (e.g. formation

of barriers) and fossil information. Each family was exposed

to three separated models: M0, an unconstrained model

allowing equal probability of dispersal between adjacent areas

at any time; M1, a constrained model reflecting formation of

biogeographic barriers; and M2, a constrained model with an

added fossil constraint at the root of each tree reflecting the

fossil record for each family (Fig. S2, Appendix S2). The

constrained model, M1, reduced the probability of dispersal

from the Central Pacific to the East Pacific to 0.05 for the

entire duration of the chronogram (i.e. from root to tip)

reflecting the East Pacific Barrier. The probability of dispersal

from the Indian Ocean to the Atlantic Ocean was reduced to

0.05 from 18 Ma onwards, reflecting the closure of the

Tethys seaway (Steininger & Rögl, 1979), but allowing the

possibility of dispersal around the Horn of Africa (Bowen

et al., 2006). Dispersal from the Atlantic to the East Pacific

was not allowed from 3.1 Ma to present, reflecting the clo-

sure of the Isthmus of Panama (Lessios, 2008).

The fossil constrained model, M2, forced the range of the

root node to include the Atlantic (Tethys) region, based on

fossils from Monte Bolca (Bellwood, 1996; Fig. S2, Appendix

S2). The three models were compared using log-likelihood

scores, and range inheritance scenarios were compared across

the tree. The best model was used to map origination, dis-

persal and extinction events on to the family chronograms.

Exploring patterns

Patterns of origination and dispersal among the Labridae,

Pomacentridae and Chaetodontidae were assessed based on

the DEC model with the best likelihood score. By mapping

the range inheritance scenarios reconstructed by the DEC

model, the estimated timing and location of origination was

recorded for each of the lineages on each of the chronolo-

gies. Inferred dispersal events were recorded along each

branch. The timing for each dispersal event was taken as the

midway point along the branch on which it occurred. This

procedure was employed for the tips of the trees (i.e. the

extant taxa) and across the entire chronology (i.e. hypotheti-

cal ancestral molecular lineages).

Patterns of origination were compared as a proportion of

‘sampled regional diversity’ (extant lineages sampled in the

trees present in each region) and as a proportion of ‘sampled

family diversity’ (extant lineages sampled in the trees) for

each family. This was to identify regions where origination

of lineages through regional cladogenesis has been a major

contribution to diversity of the region, and to identify which

regions have been a major contributor to the diversity of

each family. To investigate if taxon sampling has had an

effect on the patterns observed we also compare regional

origination as a proportion of ‘total regional diversity’ (all

nominal species in the region for each family) and ‘total

family diversity’ (all nominal species in the family) for each

family. All proportional values were arcsin transformed prior

to analyses.

In order to investigate the pattern of origination and dis-

persal throughout the evolutionary history of the three fami-

lies, the number of lineages present in each region at four

time intervals were calculated from the ancestral reconstruc-

tion: the Eocene/Oligocene boundary (33 Ma), the Oligo-

cene/Miocene boundary (25 Ma), the Miocene/Pliocene

boundary (5 Ma), and the present (0). This gives an estimate

of hypothetical relative ‘palaeodiversity’ from the molecular

history (N.B. this is only relative and makes no allowances

for subsequent extinction). The palaeodiversity in each

region is the result of lineage origination within the region,

and lineage dispersal into the region during the previous

epoch. In cases where vicariance has occurred after dispersal,

the sum of origination and dispersal into the region will be

greater than the total palaeodiversity. Where a lineage has

inherited a range, origination and dispersal will be less than

palaeodiversity. Proportions of origination, dispersal, and

inheritance were estimated in each family for each epoch

(Palaeocene/Eocene, Oligocene, Miocene, Pliocene/Recent).

RESULTS

Range reconstruction

The constrained models, M1 (barrier constrained) and M2

(fossil constrained), were favoured over the unconstrained

model M0, with significantly better log-likelihood scores

(over 30 log-likelihood units) for all three families (Table S4,

Appendix S1). In all cases M1 had a better likelihood score

than M2; however, this was negligible for the Labridae

(0.3 units) and Chaetodontidae (1 unit). For the Pomacen-

tridae, the addition of the fossil calibration gave a lower log-

likelihood score by 2.7 units. Optimal reconstructed scenar-

ios showed consistently higher likelihood under M1. Global

rates of dispersal were slightly higher under constrained

models while extinction rates were similar under all three
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models (Table S4, Appendix 1). Node reconstructions of

model M1 are therefore used to explore patterns of origina-

tion and dispersal. Node reconstructions were overlaid onto

family chronograms (Figs S3–S5, Appendix S2).

Origination and dispersal of extant taxa

For sampled regional diversity of each family, the relative

contribution of origination, dispersal and range inheritance

to regional biodiversity was calculated from the Lagrange

M1 reconstruction (Table 1). For all three families, the East

Pacific, Atlantic and IAA show high rates of within-region

origination (75–100%; Table 1). Dispersal into these regions

is low (1–6%). The Atlantic region appears to be isolated

except for two putative dispersal events into the region

around the Cape of Good Hope: Halichoeres maculipinna;

Anampses caeruleopunctatus (Fig. S3, Appendix S2). Both the

Indian Ocean and Central Pacific are characterized by low

origination (20–40% Indian Ocean; 10–16% Central Pacific),

but high dispersal of lineages into the region, from the IAA

(Fig. 1a, Table 1). Dispersal from the IAA into the Indian

Ocean and the Central Pacific appears to be of a similar

magnitude (Fig. 1a). The Central Pacific, while having com-

parable species richness to the Indian Ocean (Fig. 1a), has

lower origination (7–16%). For all three families ancestral

inheritance in the Central Pacific appears to be higher than

within-region origination (Table 1).

In order to investigate whether patterns of origination

(both as a proportion of sampled regional diversity and sam-

pled family diversity) varied among regions and families, a

two-way ANOVA was used, with regions and families treated

as fixed effects. There was no significant family effect on

regional origination as a proportion of sampled regional

diversity (F2,8 = 0.29, P = 0.76) i.e. patterns of origination

within each region were consistent among families. However,

there was a significant region effect on origination as a pro-

portion of sampled diversity in each region (F4,8 = 32.7,

P < 0.0001), i.e. there were significant regional differences in

the contribution of within-region origination to sampled

regional diversity. Tukey–Kramer post-hoc comparisons

showed that lineage originations in the IAA, Atlantic, and

East Pacific were significantly higher than in the Indian

Ocean and Central Pacific (Fig. 1b).

Regional origination as a proportion of sampled family

diversity likewise showed no significant family effect

(F2,8 = 0.001, P = 0.99). There was, again a significant region

effect on regional origination as a proportion of sampled

family diversity (F2,8 = 56.7, P < 0.0001). Tukey–Kramer

post-hoc comparisons identified the IAA as having a signifi-

cantly higher proportion of origination contributing to the

sampled diversity of each of the three families, compared

with the other four regions (Fig. 1c).

Regional origination as a proportion of total regional

diversity and total family diversity showed similar results.

There was no significant family effect found for regional

origination as a proportion of total regional diversity

(F2,8 = 3.2, P = 0.09) or total family diversity (F2,8 = 2.4,

P = 0.15) i.e. patterns of regional origination both as a pro-

portion of total regional diversity and total family diversity

did not differ significantly among families. As with sampled

diversity, there was a significant region effect on the propor-

tion of regional origination of both total regional diversity

(F2,8 = 10.22, P < 0.005), and total family diversity

(F2,8 = 20.3, P < 0.001), i.e. the contribution of regional

origination to both the total biodiversity of a region, and the

total biodiversity of each family, differed significantly

between regions. Tukey–Kramer post-hoc comparisons iden-

tified the same groups as reported for sampled regional

diversity (EP, Atl, IAA versus In, CP) and for sampled family

diversity (IAA versus all other regions)

Origination and dispersal through time

The ancestral reconstruction implemented in Lagrange

allowed patterns of anagenetic and cladogenetic change to be

investigated in different epochs. As with the extant tips of

the trees, this allowed the contribution of origination and

dispersal to the palaeodiversity (of molecular lineages) in

each biogeographic region to be estimated for the Labridae

(Fig. 2a–d), Pomacentridae (Fig. 2e–h), and the Chae-

Table 1 Relative contribution of origination (Origin), dispersal (Disp.) and inheritance (Inh.) per capita regional biodiversity of the

Labridae, Pomacentridae, and Chaetodontidae in five major biogeographic regions. Origination is the proportion of species that arose
within that region; Dispersal is the proportion of species within each region that dispersed to that region and maintain it as part of its

range; Inheritance is the proportion of species that inherited that region as a part of an ancestral lineage range that arose in another
region.

Region

Labridae Pomacentridae Chaetodontidae

Origin Disp. Inh. Origin Disp. Inh. Origin Disp. Inh.

EP 0.76 0.06 0.18 0.90 0.00 0.10 0.67 0.00 0.33

Atl. 0.99 0.01 0.00 1.00 0.00 0.00 1.00 0.00 0.00

In 0.21 0.64 0.15 0.41 0.49 0.10 0.40 0.47 0.14

IAA 0.96 0.03 0.01 0.88 0.11 0.01 0.95 0.05 0.00

CP 0.10 0.78 0.12 0.07 0.72 0.21 0.16 0.53 0.30

EP, East Pacific; Atl, Atlantic; In, Indian; IAA, Indo-Australian Archipelago; CP, Central Pacific.
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todontidae (Fig. 3). Within the Palaeo/Eocene, Oligocene,

Miocene, and Pliocene/Recent epochs the reconstructions

yielded congruent patterns among the three families. These

epochs will be considered separately below.

Palaeo/Eocene (65–33 Ma)

Both the Labridae and Pomacentridae have highest palaeodi-

versity in the IAA with relatively low dispersal of lineages

from the area (Fig. 2a,e). The Chaetodontidae have yet to

diverge at this stage, but the reconstruction places the origin

of the family in the IAA (Fig. 3a; Fig. S5, Appendix S2). Dis-

persal is potentially possible between all five regions but the

number of lineages that potentially dispersed between

regions is low. The East Pacific, Atlantic and IAA regions

contain lineages that have origins within the region, and lin-

eages that have dispersed from adjacent regions. However,

within the Indo-Pacific, the Indian Ocean and Central Paci-

fic contain only lineages that have dispersed in to the

regions. The panmixia inferred from the reconstruction sug-

gests that lineages of the hypsigenyines and scarines may

have maintained widespread ranges. By 33 Ma we have high-

est lineage diversity in the IAA, of which the majority

remain restricted there (Fig. 2a,e). The most recent common

ancestor (MRCA) of widespread lineages overlap with lin-

eages restricted to the Atlantic (Labrini), and the IAA (Chei-

lini, Julidini, Odacini, Bodianus, Choerodon; Figs S3 & S4,

Appendix S2). For the Pomacentridae, the root is placed

within the IAA, but by the end of the Eocene three major

lineages representing precursors to the Stegastinae, Chromi-

nae and Abudefdufinae are widespread, overlapping with the

basal lineages of the Pomacentrinae that are restricted to the

IAA (Fig. S4, Appendix S2). Overall, there are several wide-

spread lineages that have resulted from initial connectivity

between regions from the beginning of the Palaeocene, and

dispersal throughout the Eocene. However, the accumulation

of widespread lineages with those restricted to the IAA

marked the region as an early centre for palaeodiversity of

molecular lineages (Fig. 2a,e).

Oligocene (33–23 Ma)

The Oligocene sees an increase in diversity within the

IAA, but again dispersal out of the region is limited

(Figs 2b,f & 3b). Cladogenesis appears to be suppressed in

all regions except the in the IAA. For both the Labridae

and the Pomacentridae, further diversification of lineages

restricted to the IAA more than doubles the inferred pal-

aeodiversity from the previous epoch (Fig. 2b,f). By com-

parison, the adjacent regions in the Indo-Pacific (Indian

Ocean, Central Pacific) show little or no within-region

origination. Similarly, the East Pacific and Atlantic show

limited support for diversification of lineages during this

epoch. The Atlantic region becomes increasingly isolated

from the Indo-Pacific during this period. There is no con-

nection maintained either side of the Atlantic region

through lineage inheritance, or through dispersal of labrid

lineages (Fig. 2b). For the duration of the Oligocene, the

Atlantic is severed from the Indo-Pacific, with the excep-

tion of a single dispersal event of a damselfish lineage

(Chromis) from the Atlantic to the Indian Ocean, and a

21

1

120

2

120 140

20424
31

331

355

70

221
100

101

Recent

0 

0.2 

0.4 

0.6 

0.8 

1.0 

P
ro

p.
 O

rig
in

at
io

n

(a)

Region

0 

0.2 

0.4 

0.6 

0.8 

1.0 

P
ro

p.
 O

rig
in

at
io

n

EP 

EP 

Atl 

Atl 

In 

In 

IAA 

IAA 

CP 

CP 

A
A A

A

B

B

B
B

B

B

(b)

(c)

Figure 1 (a) Schematic drawing of the globe displaying regional
patterns of combined diversity, origination and dispersal of

extant labrids, pomacentrids and chaetodontids (the tips of the
trees) in each region. EP = East Pacific, Atl = Atlantic,

In = Indian, IAA = Indo-Australian Archipelago, CP = Central
Pacific. Numbers in circles show extant diversity of sampled

fishes in each region. Numbers below circles indicate within-

region originations. Numbers next to arrows between adjacent
regions indicate inferred dispersal events. Line thickness of

arrows reflects the number of lineage originations in each
region, and number of dispersal events between regions based

on the reconstruction. For example, of the 355 lineages in the
IAA, 331 arose within the region; 21 dispersed in and 260 out

(see Appendix S2 for family reconstructions). (b) Proportion
(± SE) of lineage originations in each region (regional

origination/sampled regional richness; n = 3 families). (c)
Proportion of lineage origination (± SE) in each region (regional

origination/sampled family diversity; n = 3 families). A and B
above bars mark non-significant groups in Tukey’s post-hoc

comparisons (P < 0.001).
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continuous range of the Abudefduf lineage between these

two regions (Fig. 2f; Fig. S4, Appendix S2). Vicariance events

split lineages between the Atlantic and the Indian Ocean in

the Labridae (Calotomus/Sparisoma clade) and the Pomacen-

tridae (Chrominae, Stegastinae) (Fig. 2b,f; Figs S3 & S4,

Appendix S2). In contrast, the Chaetodontidae reconstruction

shows the initial divergence between the two major lineages;

the bannerfish lineage restricted to the IAA, while the crown

Chaetodon lineage disperses out to the Central Pacific, and

through the Indian Ocean into the Atlantic, maintaining this

widespread range into the Miocene (Fig. 3b).

Miocene (23–5 Ma)

In all three families, in all five regions, the Miocene is charac-

terized by a leap in the palaeodiversity of molecular lineages

(Figs 2c,g & 3c). Within the Atlantic and the IAA, this

increase in palaeodiversity is characterized by high rates of

within-region origination, which accounts for over 90% of the

diversity in each of the two regions. However, the rate of orig-

ination and overall diversity in the IAA is far higher than in

the Atlantic. This increased diversity is followed by numerous

dispersal events from the IAA to the Indian Ocean and the

Central Pacific, increasing overall diversity in those two adja-

cent regions. There is no dispersal between the Indian Ocean

and the Atlantic for the Pomacentridae; however, within the

Abudefdufinae the Atlantic is retained in its widespread range

until the early Pliocene. Both labrids and pomacentrids dis-

play a similar pattern of lineage origination and dispersal.

Lineage diversity is highest in the IAA and dispersal from the

IAA to adjacent regions of the Indian Ocean and the Central

Pacific is of a similar magnitude (i.e. c. 25% of labrids and 25–

30% of pomacentrid lineages arising in the IAA disperse out

to either the Indian Ocean or Central Pacific; Fig. 2c,g). This

pattern of lineage expansion from the IAA is also seen in the

chaetodontid lineages (25–30% to adjacent regions; Fig. 3c).

In addition, the reconstruction infers dispersal of chaetodon-

tid lineages from the Indian to the Atlantic (MRCA Chaetodon

C2 & C3 & C4); across the EPB (Chaetodon C4, Amphichaeto-

don, MRCA Johnrandallia/Heniochus); and from the East Paci-

fic to the Atlantic (Chaetodon C4) (Fig. 3c; Fig. S5, Appendix

S2). Dispersal from the Indian Ocean to the Atlantic also

occurs along several labrid lineages, both before (Bodianus,

Thalassoma, Coris, Novaculines) and after (Bodianus, Scarus)

the TTE (c. 12–18 Ma; Fig. 2c,g; Fig. S3, Appendix S2). Labrid

lineages restricted to the Atlantic appear to have undergone

more cladogenesis than the pomacentrid or chaetodontid lin-

eages there. Several vicariance events occur between Indian

and IAA regions in all three families.

Pliocene/Recent (5 Ma)

Exceptionally high origination within the IAA continues in

the Pliocene to Recent (Figs 2d,h & 3d) and dispersal from
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the region continues to be the main source of diversity in

adjacent regions. Again, the reconstruction infers a similar

magnitude of lineage expansion into the Indian Ocean and/

or the Central Pacific, from the IAA (27–30% of labrids and

pomacentrids, 50% of chaetodontids). Within the Indian

Ocean and Central Pacific regions, we now see evidence of

range inheritance from the Miocene. This is particularly

apparent in the Central Pacific for labrid and pomacentrid

lineages, where regional origination and dispersal from the

IAA during the Pliocene only accounts for c. 50% of the bio-

diversity present (Fig. 2d,h). The East Pacific and Atlantic

become separated by the IOP, and this is reflected by several

vicariance events (Figs S3–S5, Appendix S2). No dispersal is

apparent out of the Atlantic for any lineage. Lineages dis-

persing into the Atlantic region from the Indian Ocean

quickly get separated by vicariance (Figs S3–S5, Appendix

S2), with the exception of the recent movement of Anampses

caeruleopunctatus [recorded on FishBase (Froese & Pauly,

2011) in the south-east Atlantic]. In the Pomacentridae and

Chaetodontidae, no dispersal is evident across the EPB, while

the Labridae maintains five separate widespread ranges across

the barrier (Calotomus carolinus, Scarus rubroviolaceus, Scarus

ghobban, Novaculichthys taeniourus, Stethojulis bandanensis;

Fig. S3, Appendix S2).

DISCUSSION

The reconstruction provides a clear global overview of the last

65 Myr, with evidence of regional isolation, connection and

cladogenesis reflecting the major tectonic and biogeographic

events. The East Pacific and Atlantic have been largely inde-

pendent regions, a pattern that reflects the increasing isolation

of these regions in the Tertiary. High extinction within these

regions appears to have resulted in a restricted cladogenic his-

tory. The Indo-Pacific, in contrast, is characterized by exten-

sive origination and connectivity between adjacent regions.

The reconstruction suggests that the hotspot in the IAA is, at

least in part, a result of prolonged origination over the past c.

30 Myr and that diversity in the Indian Ocean and Central

Pacific is largely a result of dispersal from the IAA in the last

5 Myr. Survival of ancestral lineages in the IAA laid the foun-

dation for the subsequent cladogenesis and range expansion

that has led to present-day patterns of biodiversity across the

entire Indo-Pacific.

Our study is the first to apply the DEC model to the

exploration of globally distributed coral reef fish taxa. The

results of the reconstruction presented herein show striking

parallels with the patterns found in other taxa. Most notable

is the congruence with global patterns of dispersal with ter-

restrial plants, where Australia and the IAA support numer-

ous lineages with extensive evidence of dispersal from the

Miocene onwards (Buerki et al., 2011). The use of the DEC

model highlights the origins and progression of biodiversity

in the marine tropics, with disparate rates of extinction and

survival playing key roles in shaping the global distribution

of reef associated fishes. The changing role of the IAA hot-

spot in driving the current biodiversity across the entire

Indo-Pacific is illustrated from inferred pattern of palaeodi-

versity of molecular lineages.

Origination and biodiversity through time and space

Each of the five regions can be grouped reflecting three basic

patterns of origination and diversity:
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1. Independent and isolated (East Pacific and Atlantic).

2. A macroevolutionary source of diversity (IAA).

3. Diversity recipients, or macroevolutionary sinks (Indian

Ocean and Central Pacific).

Each will be examined separately below, reflecting these

associations.

East Pacific and Atlantic

The history of the East Pacific and Atlantic biota, before the

closing of the IOP, are closely linked. Both regions share a

subset of the families present in the Indo-Pacific, although

there are a few absent families or subfamilies in the Atlantic

and East Pacific that are present in the Indo-Pacific (e.g.

Caesionidae, Nasinae, Siganidae) (Bellwood & Wainwright,

2002). The origination of extant lineages within the East

Pacific and Atlantic regions are comparable with other areas

in terms of percentage regional origination (Fig. 1b). How-

ever, there appears to have been less origination as a percent-

age of all extant lineages in each family (Fig. 1c). This may

reflect reduced speciation capacity within the two regions, or

increased rate of lineage extinction. Historically, both regions

have experienced periods of increased faunal turnover

(McCoy & Heck, 1976; Budd, 2000; Bellwood & Wainwright,

2002; O’Dea et al., 2007). Increased extinction may result in

fewer extant species despite the region having potentially

high origination. The lack of connection to the Indo-Pacific

has reduced the potential for lineage replenishment. Our

results offer support for the recent works of Rocha et al.

(2005), Floeter et al. (2008) and Joyeux et al. (2008), which

have suggested that these areas are largely independent and

have been isolated from the Indo-Pacific for some time.

However, the reconstruction highlights the early development

of this isolation in the Oligocene following broader connec-

tivity in the Palaeocene.

During the Palaeocene/Eocene, the East Pacific and Atlan-

tic were linked to the Indo-Pacific by dispersal through the

Tethys Sea. Evidence of this can be seen in the fossil record

of Monte Bolca in Italy with the majority of the fish families

represented in the deposits being present in both the Atlantic

and Indo-Pacific (reviewed by Bellwood & Wainwright,

2002). This pantropical connection between the Atlantic and

Indo-Pacific is evident from the reconstruction, with several

inferred dispersal events between all tropical marine regions

for the Labridae and Pomacentridae (Fig. 2a,e). While pan-

mixia is possible during the Eocene, we begin to see incipient

provinciality with restricted lineages in each region, while the

inferred palaeodiversity of molecular lineages in the Atlantic

and East Pacific is lower than in the IAA. This lower palaeo-

diversity maybe a consequence of high extinction throughout

the epoch, or a period of high extinction at the end of the

Eocene, which has been hypothesized for both these fishes

(Cowman & Bellwood, 2011) and for flowering plants (Anto-

nelli & Sanmartı́n, 2011).

The isolation of the Atlantic and East Pacific regions from

the Indo-Pacific in the Eocene escalates in the Oligocene,

with few dispersal events inferred between the Indian Ocean

and Atlantic, or the Central Pacific and East Pacific regions.

Dispersal between the East Pacific and Atlantic is also

reduced. These earlier divisions may reflect earlier, temporary

barriers within the Atlantic (Hallam, 1973), and East Pacific

(Lessios et al., 1995). However, by the end of the Miocene,

the Atlantic and the East Pacific are largely isolated from the

Indo-Pacific and from each other.

The Miocene epoch represents the time period with the

highest lineage diversification in the East Pacific and Atlantic

especially within the Labridae, reflecting patterns previously

described in the labrid genus Halichoeres (Barber & Bell-

wood, 2005) and other reef genera (Floeter et al., 2008). Cir-

cum-African lineages within the Labridae and

Chaetodontidae appear to allow some Indo-Pacific lineage

expansion into the Atlantic. This is not possible for poma-

centrid lineages (with the exception of Abudefduf), perhaps

lacking ability to survive in the more temperate climes of the

Southwest African coast (cf. Floeter et al., 2008). A tempo-

rary reconnection before the final closure of the IOP is

implied by several bidirectional dispersal events between the

East Pacific and Atlantic in each of the three families (Figs

S3–S5, Appendix S2). After the closure of the IOP the

regions are completely separated from each other and the

Atlantic is largely isolated from the Indo-Pacific. While the

influence of the Indo-Pacific biota on the Atlantic fauna has

been recorded recently (Robertson et al., 2004; Rocha et al.,

2005; Bowen et al., 2006), it has made little overall impact to

the extant biodiversity of the Atlantic and East Pacific

regions (Fig. 1a; Floeter et al., 2008). Regional origination

does continue in the Atlantic and East Pacific during the Pli-

ocene/Recent epoch, but little significant increase in regional

richness is observed (with the possible exception of Atlantic

wrasses; Barber & Bellwood, 2005).

Indo-Australian archipelago

For the Labridae, Pomacentridae, and Chaetodontidae, the

reconstruction suggests that the IAA has been a centre for

lineage survival, origination, and range expansion at different

stages in the history of the region (Fig. 4). In terms of global

diversity for each family, the IAA stands out as a significant

source of diversity in terms of both origination within the

region and the expansion of lineages into adjacent regions.

Based on the reconstruction, the origination of extant lin-

eages within the IAA accounts for c. 60% of total global bio-

diversity for each family (Fig. 2c). This is relatively direct

evidence for the IAA as a centre of origin in contrast to

inferred origination based on an assumed preponderance of

endemic taxa (e.g. Briggs, 2003; Mora et al., 2003; Roberts

et al., 2002; but see Bellwood & Meyer, 2009a,b). Patterns of

dispersal inferred from the reconstruction also show the con-

nectivity within Indo-Pacific, with the IAA acting as a source

of biodiversity for the Indian Ocean and Central Pacific

(Table 1; Fig. 4a). However, a temporal perspective high-

lights the progression of high biodiversity in the IAA from
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overlapping ranges in the Eocene, survival in the Oligocene,

origination in the Miocene, and expansion in the Pliocene

and Recent (Fig. 4).

During the Palaeocene/Eocene, the IAA is reconstructed by

the model as a centre of palaeodiversity of molecular lin-

eages, with both localized cladogenesis and overlapping wide-

spread ranges (Labridae, Pomacentridae). A similar West

Pacific origin for basal julidine lineages has been suggested

previously (Westneat & Alfaro, 2005). However, fossil evi-

dence from the middle Eocene (42–39 Ma) highlights the

Tethys regions as the centre for palaeodiversity of reef associ-

ated taxa (Renema et al., 2008). Indeed, fossils from the

Eocene of Monte Bolca mark the earliest record of many

extant reef fish forms (Bellwood, 1996), with fewer fossils

found in the Indo-Pacific or IAA region. The conflicting bio-

geographic patterns from the fossil record and the ancestral

reconstruction of molecular lineages presented here may

reflect the influence of extinction in other regions (Budd,

2000; Bellwood & Wainwright, 2002). The greater palaeodi-

versity of ancestral molecular lineages in the IAA from the

early Oligocene onwards may highlight also the ability of the

IAA to support ancestral lineages, i.e. it is a centre of survival

of ancestral lineages (Barber & Bellwood, 2005; Cowman &

Bellwood, 2011). In this, it appears that the key to variation

is in the ability to support taxa. As mentioned by Rabosky

(2009), ecology may overshadow temporal patterns of diver-

sity. In this respect the expansion of coral reef area in the

IAA may have underpinned the observed pattern. Indeed,

total reef area is the primary variable explaining variation in

reef fish diversity (Bellwood & Hughes, 2001; Bellwood et al.,

2005). Thus, the expansion in the IAA is probably not just

age and cladogenesis but the capacity of the area to maintain

and support species, even in the Oligocene. By the beginning

of the Oligocene, the IAA is already emerging as a centre for

diversity, however, this may be the result of higher rates of

survival within the region rather than exceptional rates of

origination.

The IAA hosts the initial divergences of the Chaetodonti-

dae in the Oligocene and the origination of labrid and

pomacentrid lineages continues. There is little dispersal into

the Indian Ocean, possibly highlighting adverse conditions

there (Hallam, 1984). However, it is in the Miocene that the

diversity synonymous with the IAA begins to emerge, coin-

ciding with the expansion of coral-dominated reefs and a

mosaic of reef habitats (Renema et al., 2008). Lineages that

have previously been highlighted as containing exceptional

diversity, have inferred ancestral origins in the IAA during

the Miocene and many show strong links to coral reefs

(Cowman & Bellwood, 2011). It is in the Miocene that lin-

eages from the IAA now begin to recolonize the Indian

Ocean. Origination continues in the Pliocene/Recent epochs

primarily in Chaetodon lineages. The extensive dispersal from

the IAA to the Indian Ocean and Central Pacific regions

highlight the role of the IAA as a source of diversity across

the entire Indo-Pacific during this period (Fig. 4).

It appears that the survival of ancient lineages in the IAA

resulted in more subsequent cladogenesis, which in turn per-

mitted extensive range expansion and the export of lineages

Palaeo/Eocene (Accumulation)

Oligocene (Survival)

Miocene (Origination)

Pliocene
(Survival + Export)

Accumulation

Survival

Origination

Export

10 Lineages

Figure 4 Schematic diagram illustrating the

changing role of the Indo-Australian
Archipelago (IAA) hotspot in the origins of

Indo-Pacific reef fish biodiversity, inferred
from the reconstruction. In each epoch, the

dominant roles of the IAA hotspot changed
from accumulation (Palaeo/Eocene),

survival (Oligocene), origination (Miocene)
and export (Pliocene) of lineages.

Accumulation = lineages acquired from
outside the IAA; Survival = lineages retained

from the previous epoch
(= Accumulation + Origination from

previous epoch); Origination = lineages
arising in the IAA during that epoch;

Export = lineages in the IAA that were
exported/expanded to adjacent regions

during that epoch. Each process has been
dominant at one time, but most act

simultaneously through time. The relative
width of the four main roles, accumulation

(black), origination (red, or dark grey in
greyscale), survival (pale grey) and export

(open) reflect the relative contribution to
palaeodiversity in the labrid reconstruction

(a–d).
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into adjacent regions. In summary, the IAA has sequentially

and then simultaneously acted as a centre of accumulation

(Palaeocene/Eocene onwards), survival (Eocene/Oligocene

onwards), origin (Miocene onwards), and export/expansion

(Pliocene/Recent) for reef fishes in the three families

(Fig. 4). In this way, it reflects the general patterns of the

‘hopping hotspot’ discussed by Renema et al. (2008). How-

ever, this is the first clear evidence of the IAA being a centre

for lineage export/expansion over an extended period of

time.

Indian Ocean and Central Pacific

The Indian Ocean and Central Pacific regions are both recip-

ients, or macroevolutionary sinks, for biodiversity from the

IAA. Regional origination accounts for little of the diversity

in both regions (Table 1). While both regions appear to have

relatively low regional origination since the Palaeocene, the

influence of expanding IAA lineages has escalated from the

Miocene to Recent. The timing of these events is examined

below for each region.

The current biodiversity of the Indian Ocean is the result

of moderate cladogenesis in the region, with the majority of

species being of IAA origin that maintain the Indian Ocean

as part of a wider Indo-Pacific range (cf. Hughes et al.,

2002). It has been a sink for lineages from the IAA since the

Miocene. Excluding the Chaetodontidae, the majority of lin-

eages that have arisen in the Indian Ocean are of late Mio-

cene/early Pliocene age. Invasion of Indian Ocean species

into the IAA appears to be much less frequent. However,

they may make up almost half of the total origination in the

Indian Ocean due to the low origination of lineages there.

Dispersal from the IAA to the Indian Ocean and to the Cen-

tral Pacific seems to be of a similar magnitude in both direc-

tions. Starting in the early Miocene and continuing into the

Pliocene, approximately 25–30% of lineages arising in the

IAA disperse to adjacent regions.

The pattern in the Indian Ocean reflects the ancient his-

tory of the region with links to declining or receding hot-

spots (Renema et al., 2008). By the end of the Eocene the

Arabian hotspot would have been in place in the western

Indian Ocean (Renema et al., 2008). Tectonic rearrangement

and global cooling in the Oligocene/Miocene would have

had a dramatic effect on the shallow water reefs in this area

(Hallam, 1994). With the restriction of the tropics and

decline in reef area in the Arabian hotspot, faunal loss would

have occurred in the Indian Ocean throughout the Oligo-

cene/early Miocene. Those lineages that maintained an

extended range into the IAA would presumably have been

able to survive best at this time. This pattern appears to hold

for mangrove, foraminifera, and other reef associated organ-

isms (Renema et al., 2008), with the resistance to extinction

in the IAA (Cowman & Bellwood, 2011) being based on the

unique features of the area (Hoeksema, 2007) and the diver-

sity of reef habitats (Rosen, 1984). This loss is counteracted

by invasion from the IAA to maintain palaeodiversity.

In contrast to the Indian Ocean, the island arcs that make up

the Central Pacific region have been closely linked to the IAA,

with gene flow between the two regions allowing the Central

Pacific to easily inherit ancestral widespread ranges (and vice

versa; see Craig et al., 2010; Gaither et al., 2011). The EPB has

prevented the invasion of East Pacific/Atlantic species (but see

Lessios & Robertson, 2006), resulting in most of the diversity

seen in the Central Pacific being of IAA origin. The Central

Pacific has comparable species richness to the Indian Ocean;

however, its low regional origination appears to be a function

of a higher occurrence of range inheritance and speciation

through peripheral isolation (cf. Planes & Fauvelot, 2002;

Hodge et al., 2012). The reconstruction suggests that while

there is moderate range expansion of lineages originating in

the Indian Ocean to the IAA, expansion appears very limited

from the Central Pacific to the IAA (Fig. 1a). Overall, the Cen-

tral Pacific remains largely a recipient of lineages from the IAA.

Recent dispersal from the Indian Ocean to the IAA has

been highlighted in previous work where populations form

temporal rather than geographic clades (Horne et al., 2008;

Gaither et al., 2011). From the IAA to the Central Pacific

region there is evidence of geographic clade structure of both

populations (Planes & Fauvelot, 2002; but see Horne et al.,

2008) and species (Bernardi et al., 2002). However, these are

all relatively young associations. The reconstruction herein

identifies prolonged movement from the IAA to the Indian

and Pacific Oceans beginning in the Miocene and escalating

during the Pliocene to Recent. While the Indian Ocean

reflects a history of extinction and faunal recovery from lin-

eages arising in the IAA, the Central Pacific is characterized

by widespread ancestrally inherited ranges, with a smaller

number of peripheral endemics.

Caveats and considerations

The combined use of dated phylogenetic trees and the DEC

model implemented in Lagrange has allowed the evolution-

ary history of the Labridae, Pomacentridae and Chaetodonti-

dae to be explored in a biogeographic context. There are,

however, several sources of potential bias. This applies to the

phylogenetic trees used for this reconstruction (discussed in

Cowman & Bellwood, 2011), and with the ancestral recon-

struction itself. Five major caveats need to be considered

when interpreting the results:

1. This is a hypothetical reconstruction, based on present-

day distributions of taxa and as such, there are limitations to

the interpretation of a lineage’s geographic origin (Losos &

Glor, 2003). Post-speciation expansion is fast, giving allopat-

ric species the ability to become completely sympatric within

4 Myr (Quenouille et al., 2011), (although the reverse may

also be true). For older lineages this has the potential to

obscure geographic origins, especially on a smaller within-

region scale. For the broad, regional patterns described

herein the effect will be relatively limited. Discussion was

therefore limited to patterns between ocean basins known to

have distinct faunal assemblages. Discussions of patterns
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within regions are restricted to lineage origination with no

implications for the mode of speciation.

2. Incomplete taxon sampling of extant lineages will also

affect the biogeographic reconstruction. For example, the

Prognathodes lineage of the Chaetodontidae was recon-

structed to be restricted to the Atlantic; however, species not

sampled in the phylogenies have been recorded in the Indo-

Pacific (P. guezei) and the East Pacific (P. falcifer) (Kuiter,

2002). Inclusion of these species has the potential to change

the geographic origins of the clade (Fig. S5, Appendix S2).

This problem may be exacerbated by unsampled cryptic spe-

ciation. Recent phylogeographic studies in the Atlantic have

identified cryptic species in Halichoeres lineages (Rocha et al.,

2005). Such studies have been limited in the Indo-Pacific

(Rocha & Bowen, 2008) and those that have been under-

taken have not found the level of species division seen in the

Atlantic. Nevertheless, further studies may alter presently

accepted taxonomy and species distributions. In turn, this

may affect the mean ages of lineages within regions, and may

reveal more recent cladogenic events in the Indo-Pacific.

The relatively even sampling of taxa across regions and

among clades within families (Table S1, Appendix S1), and

near complete generic sampling (Cowman & Bellwood,

2011), allows for some confidence in the interpretation of

patterns of historical biodiversity of lineages. By examining

the origination of lineages, rather than species, at the larger

scale of the five major biogeographic regions, interpretations

for global patterns should be relatively robust. Furthermore,

analysis using total species counts rather than just species

sampled within clades resulted in no change in the observed

patterns. However, a more detailed evaluation of the effect of

sampling would be valuable, especially if analyses are to be

informative at a finer within-region scale.

3. The ancestral reconstruction does not allow for the global

extinction of a lineage. While the contraction of a lineage’s

range through local extinction can be inferred from the recon-

struction, if large numbers of taxa have gone extinct in a

region this will translate into a perceived lower palaeodiversity

of molecular lineages within that region. Palaeodiversities may

therefore be underestimated. There is known variation in

extinction rates among the five regions. Extinction of reef-

associated fauna has been described in previous studies for the

East Pacific and Atlantic (McCoy & Heck, 1976; Budd, 2000;

Bellwood & Wainwright, 2002; O’Dea et al., 2007), the Indian

Ocean (Renema et al., 2008), and may have been high in the

Central Pacific during periods of sea-level change (Paulay,

1997; Fauvelot et al., 2003). The only region where high past

extinction rates have not been recorded on reefs is in the IAA

(but see Springer & Williams, 1994; Williams & Duda, 2008).

This may result in the IAA being inferred as a centre of origin

for deeper lineages, when in fact they were probably peripheral

to a widespread ancestral range.

The reconstruction of the widespread ancestral root of the

Labridae reflects the widespread records of fossil labrids in the

West Tethys (D.R.B., unpublished data). This offers some confi-

dence in the palaeo-reconstructed distribution (Fig. S3, Appen-

dix S2). However, the pomacentrids may provide some evidence

of the effect that extinction has had on biogeographic interpreta-

tions. The reconstruction of the pomacentrid root origin in the

IAA is contrary to the fossil record with two pomacentrid repre-

sentatives in the Eocene of West Tethys (Bellwood & Sorbini,

1996; Bellwood, 1999), which indicates the presence but not,

necessarily, the origin of pomacentrids in the West Tethys.

Therefore, while the reconstruction of the Labridae provides

support for the shift from a widespread Tethys palaeodistribu-

tion to the IAA, the conflicting pomacentrid reconstruction is

potential evidence for extinction in the West Tethys.

4. There is also a strong likelihood that clade diversity within

these families is not related to the age of the clade itself. In

the absence of a relationship between clade age and clade

richness, clade diversity can be limited by other ecological

factors (Rabosky, 2009). If the regional diversity of a lineage

is limited by ecological factors, the regional capacity for

diversification will be influenced by changes in ecological

limits rather than by length of time a clade has had to diver-

sify. Habitat area is one such factor that can influence the

carrying capacity of region. While lineages in different

regions may experience the same rate of speciation and/or

extinction, the capacity for cladogenesis may be regulated by

habitat area. While this may not alter the inferred ancestral

patterns, it does limit the interpretation. Reef area has been

shown to be a major factor in explaining observed variation

in the richness of coral reef species in the IAA (Bellwood &

Hughes, 2001; Bellwood et al., 2005). However, on an evolu-

tionary scale reef area may also be a factor regulating diver-

sity, by giving clades an extended growth phase before

carrying capacity is reached (see Rabosky, 2009), rather than

underpinning exceptionally high rates of diversification. If

so, this extended growth phase appears to extend throughout

the Miocene (Fig. 4), where several significantly diverse

clades arise (Cowman & Bellwood, 2011). In this respect, the

diversification of reef fishes in the IAA during the Miocene

may be the result of expanding reef area elevating the regions

capacity to support biodiversity.

5. The final caveat, and potentially the most important, is

‘the pull of the present’ (Pybus & Harvey, 2000). This has

been discussed as a bias arising from lineages arising in the

recent past being less likely to go extinct than lineages in the

distant past. In a historical biogeographic context it can be

seen as a bias in the likelihood of an inferred lineage arising

within a specific location. Ancestral origination within the

IAA may therefore arise purely from it being a location of

overlapping extant ranges. In this way factors that have

resulted in the accumulation, survival or maintenance of spe-

cies in the IAA will result in the reconstruction of origina-

tion in the IAA. The conflict between maintenance and

origination is an old one with little resolution. However, the

hopping hotspot theory (Renema et al., 2008) does provide

some support, with fossil evidence of a shift in invertebrate

fossil diversity from the Tethys to the IAA. However, the lack

of independent evidence of origination of fishes in the IAA

(endemics or fossils; Bellwood & Meyer, 2009a) is a concern
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and therefore conclusions from the reconstruction must be

taken as an indication only. Solid independent evidence,

preferably fossil, is urgently required.

CONCLUSIONS

For the first time, temporally congruent patterns in origination

and dispersal of molecular lineages highlight global patterns of

historical biodiversity of reef fishes within five major tropical

marine regions. The Atlantic and East Pacific regions have

been largely independent and isolated from the Indo-Pacific

from the Oligocene, but have had a minor influx of Indo-Paci-

fic biota. Within the Indo-Pacific, the IAA has played impor-

tant roles as a centre of lineage accumulation, survival and

origination both sequentially and simultaneously. Those lin-

eages that survived in the IAA while others went extinct else-

where are the driving forces behind current biodiversity in the

Indo-Pacific. While ancestral reconstruction requires careful

interpretation, it has allowed insights into the changing role of

the largest marine biodiversity hotspot. Diversity of reef fishes

in the IAA hotspot potentially began as a location within a

widespread range that gradually accumulated ancestral lin-

eages, for which it provided a refuge during a period of extinc-

tion in adjacent ancestral habitat. Surviving lineages in the IAA

proliferated and formed the basis for extensive recolonization

of the Indian and Pacific Ocean realms.
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Steininger, F.F. & Rögl, F. (1979) The Paratethys history. A

contribution towards the Neogene geodynamics of the

alpine orogene. Annales Geologiques des Pays Helleniques,

3, 1153–1165.

Timm, J., Figiel, M. & Kochzius, M. (2008) Contrasting patterns

in species boundaries and evolution of anemonefishes

(Amphiprioninae, Pomacentridae) in the centre of marine

biodiversity. Molecular Phylogenetics and Evolution, 49,

268–76.

Westneat, M.W. & Alfaro, M.E. (2005) Phylogenetic relation-

ships and evolutionary history of the reef fish family

Labridae. Molecular Phylogenetics and Evolution, 36,

370–390.

Williams, S.T. & Duda, T.F. (2008) Did tectonic activity

stimulate Oligo-Miocene speciation in the Indo-West Paci-

fic? Evolution, 62, 1618–1634.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Appendix S1 Supplemental tables. Table S1 shows species

richness for each family by clade and by region with percent-

age of taxa sampled in the present study. Table S2 shows

areas incorporated in five major biogeographic regions. Table

S3 shows presences/absences of fish species in major marine

biogeographic regions. Table S4 gives an overview of DEC

model results for likelihood comparisons.

Appendix S2 Supplemental figures. Figure S1 illustrates

regional inheritance scenarios considered in the DEC model

implemented in Lagrange. Figure S2 illustrates DEC model

constraints used in Lagrange analyses. Figures S3–S5 show

resulting biogeographic reconstructions overlaid on chrono-

grams of the Labridae, Pomacentridae and Chaetodontidae

(modified from Cowman & Bellwood, 2011).

As a service to our authors and readers, this journal pro-

vides supporting information supplied by the authors. Such

materials are peer-reviewed and may be re-organized for

online delivery, but are not copy-edited or typeset. Technical

support issues arising from supporting information (other

than missing files) should be addressed to the authors.

BIOSKETCHES

Peter Cowman is a researcher at James Cook University.

His interests include vertebrate evolution and genomic

research. His current research focuses on the use of bioinfor-

matics methods to study the evolution of reef fishes and

associated biodiversity patterns.

David Bellwood is a Professor of Marine Biology at James

Cook University. His broad interests include the ecology and

evolution of reef fishes. He is particularly interested in the

role of fishes in ecosystem function and the impact of history

and biodiversity on reef processes. His current research pro-

gramme examines the origins, patterns and consequences of

variation in global coral reef biodiversity.

Editor: Luiz A. Rocha

Journal of Biogeography 40, 209–224
ª 2012 Blackwell Publishing Ltd

224

P. F. Cowman and D. R. Bellwood



Evolutionary history of the butterflyfishes (f: Chaetodontidae)
and the rise of coral feeding fishes

D. R. BELLWOOD*� , S. KLANTEN*� , P. F. COWMAN*� , M. S. PRATCHETT� , N. KONOW*§

& L. VAN HERWERDEN*�
*School of Marine and Tropical Biology, James Cook University, Townsville, Qld, Australia

�Australian Research Council Centre of Excellence for Coral Reef Studies, James Cook University, Townsville, Qld, Australia

�Molecular Evolution and Ecology Laboratory, James Cook University, Townsville, Qld, Australia

§Ecology and Evolutionary Biology, Brown University, Providence, RI, USA

Introduction

Coral reef fishes are a highly diverse group, with an

evolutionary history extending back more than 50 Myr

(Bellwood & Wainwright, 2002). From the fossil record,

it appears that scleractinian-dominated coral reefs and

modern coral reef fish families first appeared and then

diversified at approximately the same time, in the early

Cenozoic (Bellwood, 1996; Bellwood & Wainwright,

2002; Wallace & Rosen, 2006). This suggests that the

origins of modern coral reefs and their associated fish

families may be closely linked. However, it is remarkable

that of the 5000 or more fish species recorded from coral

reefs today only 128 eat corals (Cole et al., 2008; Rotjan &

Lewis, 2008) and just 41 are believed to feed directly on

scleractinian corals as their primary source of nutrition.

Moreover, 61% (25 of 41) belong to a single family, the

butterflyfishes (f. Chaetodontidae); of the remainder

most (eight) are in the Labridae. Why so few species

have been able to exploit such a widespread resource

remains a mystery. It also highlights the exceptional

abilities of the few corallivores that have managed to

subsist on corals, and the remarkable status of butter-

flyfishes. Despite being one of the most intensively

studied families of reef fishes, the evolution of this highly

specialized feeding mode remains poorly understood. In

particular, how many times has corallivory arisen within

the group and when did this unusual feeding mode first

arise? Did corallivory arise along with major coral groups

in the early Eocene?

Butterflyfishes are conspicuous and iconic inhabitants

of coral reef environments. The family contains over 130

species with representatives in all coral reef regions

(Allen et al., 1998; Kuiter, 2002). Their colourful pat-

terns, and ease of identification and observation have

ensured that the behavioural, ecological, morphological

and biogeographic characteristics of butterflyfishes have

been extensively studied (e.g. Motta, 1988; Ferry-

Graham et al., 2001a; Findley & Findley, 2001; Pratchett,
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Abstract

Of the 5000 fish species on coral reefs, corals dominate the diet of just 41

species. Most (61%) belong to a single family, the butterflyfishes (Chae-

todontidae). We examine the evolutionary origins of chaetodontid corallivory

using a new molecular phylogeny incorporating all 11 genera. A 1759-bp

sequence of nuclear (S7I1 and ETS2) and mitochondrial (cytochrome b) data

yielded a fully resolved tree with strong support for all major nodes. A

chronogram, constructed using Bayesian inference with multiple parametric

priors, and recent ecological data reveal that corallivory has arisen at least five

times over a period of 12 Ma, from 15.7 to 3 Ma. A move onto coral reefs in

the Miocene foreshadowed rapid cladogenesis within Chaetodon and the origins

of corallivory, coinciding with a global reorganization of coral reefs and the

expansion of fast-growing corals. This historical association underpins the

sensitivity of specific butterflyfish clades to global coral decline.

doi:10.1111/j.1420-9101.2009.01904.x



2005). Indeed, they have been regularly identified as

indicator species of reef health (Reese, 1975; Roberts

et al., 1988; Kulbicki et al., 2005). It is this close associ-

ation with corals and coral reefs that stands as one of the

most important features of this family. With almost a

quarter of the species feeding on corals, they have what is

arguably the closest association of any fish group with

coral reefs. The key to understanding the history of this

relationship, however, is to obtain well-supported phy-

logenies based on multiple genes, and to use robust

molecular dating methodologies, informed by reliable

fossil data, to provide a temporal framework in which to

interpret recent ecological evidence.

Fossil evidence of increasing reef–fish interactions

points to a major change between the late Mesozoic

and the beginning of the Tertiary (Bellwood, 2003).

Although there is a diverse range of acanthomorph fishes

in the late Cretaceous, the earliest evidence of the vast

majority of extant reef fish families, for which there is a

fossil record, is from the Eocene. Most of these families

are first recorded from the 50-Myr-old deposits of Monte

Bolca, in northern Italy (e.g. Blot, 1980; Bellwood, 1996;

although it should be noted that a few molecular studies

have suggested that some lineages may predate the

Cretaceous ⁄ Tertiary (K ⁄ T) boundary, e.g. Streelman

et al., 2002; Alfaro et al., 2007; Azuma et al., 2008). The

Monte Bolca deposits mark the first modern coral reef

fish assemblage in terms of both its taxonomic compo-

sition and the functional attributes of the component

taxa (Bellwood, 1996), and it is here that we observe the

first evidence of increased interactions between fishes

and the benthos, with the appearance of several lineages

of fishes that were almost certainly grazing herbivores

(Bellwood, 2003). Although there have been many

Eocene fossils ascribed to the Chaetodontidae, a recent

evaluation of this material has rejected all of these taxa;

there is no reliable record of the family from the Eocene

(Bannikov, 2004). The oldest reliable fossil evidence for

the Chaetodontidae is of Miocene age (Carnevale, 2006).

However, with a robust molecular phylogeny we can

build on the fossil record and place recent ecological

advances in an evolutionary framework.

Recent ecological research has provided a new per-

spective on the nature of corallivory in reef fishes,

especially butterflyfishes. Building on existing informa-

tion (e.g. Birkeland & Neudecker, 1981; Blum, 1988;

Motta, 1988) recent studies have provided a detailed

understanding of the family in terms of feeding mor-

phology and kinematics (Ferry-Graham et al., 2001a,b;

Konow et al., 2008; Konow & Ferry-Graham, in press),

feeding strategies and behavioural interactions (Zekeria

et al., 2002; Gregson et al., 2008) and, most importantly,

the nature and extent of corallivory (Pratchett et al.,

2004; Berumen et al., 2005; Pratchett, 2005, 2007; Cole

et al., 2008; Rotjan & Lewis, 2008). It is now known that

butterflyfishes exhibit considerable diversity in the

nature of corallivory, underpinned by both ecomorpho-

logical and behavioural variation. This includes at least

two different modes of coral feeding, exploitation of both

soft and hard corals, and a spectrum of coral feeding

specializations ranging from highly specialized obligate

coral feeders that primarily target just one coral species to

facultative and generalist coral feeders that can feed on a

wide range of coral species (Pratchett et al., 2004;

Berumen et al., 2005).

The evolutionary history of these traits is poorly

understood. Existing morphological and molecular phy-

logenies have produced discordant tree topologies, open-

ing questions about the nature of character evolution.

Most molecular analyses of the family have focused on

relationships between species pairs or species complexes

(e.g. McMillan & Palumbi, 1995; Hsu et al., 2007) or have

included butterflyfishes as part of broader studies of

putative sister taxa (Bellwood et al., 2004). The most

comprehensive analysis to date using 3332 bp of mito-

chondrial and nuclear DNA yielded a well-supported

phylogeny, which differed significantly from all previous

topologies, and underpinned a thorough evaluation of

the systematics and taxonomy of the family (Fessler &

Westneat, 2007).

The evolutionary and ecological ramifications of these

relationships for corallivory, however, have yet to be

fully explored. We address four critical questions: (1)

How many times has corallivory arisen? (2) When did it

first arise? (3) Did corallivory and ⁄ or a move onto coral

reefs underpin diversification within the family? and (4)

What are the broader implications for the evolution of

coral reefs? In this present study, we use a comprehen-

sive new molecular phylogeny to explore the evolution-

ary history of the family. For the first time, we use

molecular methods to examine the relationships between

all 10 genera and all respective subgenera (with the

exception of Roa Roa sensu, Blum, 1988; = Roa, Kuiter,

2002). We examined 56 species using two nuclear (ETS2

and S7I1) and a mitochondrial marker (cyt b); the nDNA

markers have not been used previously in this family. We

also apply, for the first time, current Bayesian analyses

for chronogram construction with multiple fossil calibra-

tions. Using this chronogram, ecological evidence and

diversification statistics, we explore the evolutionary

origins of corallivory and the timing of this highly

unusual fish–coral interaction. We then consider the

basis for these trophic innovations in the context of the

evolution of coral reefs.

Materials and methods

Taxon sampling

In total, 56 butterflyfish species were examined, with

multiple representatives of all 11 identified butterflyfish

genera and 12 subgenera (authorities given in Allen

et al., 1998). Specimens were obtained using spears

or nets with additional material obtained from the
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ornamental fish trade. A further eight species from the

Pomacanthidae, Ephippidae, Kyphosidae and Scatophag-

idae were included as putative outgroup species. Based on

Smith & Wheeler (2006), the Pomacanthidae then the

Ephippidae are the putative successive sister taxa to the

Chaetodontidae; the more distant kyphosid and micro-

canthid species were used to root the entire phylogeny.

Our taxon sampling specifically included 18 of the 26

species known to be obligate coral feeders (Appendix S1;

Table 1). Full taxon sampling in several lineages (Forcipiger,

Chelmon and Chelmonops) also enables us to explore the

temporal and biogeographic patterns of species origins.

Laboratory procedures

Total DNA was extracted from tissues using standard salt-

chloroform and proteinase K digestion extraction proce-

dures (Sambrook & Russell, 2001). Two nuclear genes,

ETS2 (ETS is a transcription factor important in cell

proliferation; Dwyer et al., 2007; Lyons et al., 1997); S7

Intron 1 (S7 is a ribosomal protein required for assem-

bling 16s RNA; Maguire & Zimmermann, 2001; Chow &

Hazama, 1998) and the mitochondrial protein-coding

region, cytochrome b (which participates in electron

transport; Kocher et al., 1989; Irwin et al., 1991;

McMillan & Palumbi, 1995) were used to explore the

evolutionary relationships among the butterflyfishes

(Appendix S1; Table 2). An average of two specimens

were sequenced for each species. Each 20 lL polymerase

chain reaction (PCR) volume contained 2.5 mMM Tris–Cl

(pH 8.7), 5 mMM KCl(NH4)2SO4, 200 lMM each dNTP,

MgCl2 ranging from 1.5 to 4 mMM, 10 lMM each primer,

1 U of Taq Polymerase (Qiagen, Doncaster, Victoria,

Australia) and 10 ng template DNA. Amplifications

followed the same basic cycling protocol: an initial

denaturing step of 2 min at 94 �C, followed by 35 cycles,

with the first five cycles at 94 �C for 30 s, 30 s at primer-

specific annealing temperatures (Ta) (Appendix S1; Table

2), followed by 1 min 30 s extensions at 72 �C and the

remaining 30 cycles were performed as before, but at Ta

)2 �C. PCR products were purified by isopropanol pre-

cipitation (cyt b and S7I1) or gel-purification on 2%

agarose gels, as two bands appeared routinely (ETS2).

This was also the case for S7I1 amplified fragments of

some species. A 500-bp fragment was retained for ETS2

whilst a 700-bp fragment was retained for S7I1.

Gel-excised fragments were purified in a column follow-

ing manufacturer’s protocols (Qiagen). Purified tem-

plates were quantified by UV-Vis absorbance (ND-1000

Spectrophotometer, NanoDrop�, Wilmington, NC, USA)

and sent to Macrogen Inc. (Seoul, South Korea) for direct

sequencing in both directions.

Analytical procedures

Data compilation
The consensus sequence of the multiple specimens

sequenced was used to represent each taxon. Sequences

were edited using Sequencher 4.5 (Gene codes corpora-

tion, Ann Arbor, MI, USA), and automatically aligned

using CLUSTALLUSTALX (Thompson et al., 1997) and finally

manually corrected using SE-E-ALL version 2.0 available at

http://evolve.zoo.ox.ac.uk (Rambaut, 1996). Sequences

of this study are available at GenBank accession numbers

(ETS2: FJ167730–FJ167792; S7I1: FJ167793–FJ167846,

FJ167848–FJ167856 and cyt b: FJ167682–FJ167709,

FJ167711–FJ167719, FJ167721–FJ167729). Several

sequences of cytochrome b were used from GenBank

(Chaetodon: C. argentatus AF108580, C. citrinellus AF108585,

C. kleinii AF108591, C. lineolatus AF108593, C. lunula

Table 1 Departure of chaetodontid lineages from global diversification rate estimated of the family Chaetodontidae.

Clade name Age Total ’ = 0 ’ = 0.3 ’ = 0.5 ’ = 0.6 ’ = 0.8 ’ = 0.9

Crown group (CT) 32.8 130(56) rG = 0.1274 rG = 0.1246 rG = 0.1188 rG = 0.1141 rG = 0.0971 rG = 0.0787

CF 26.1 27(16) 7.61E-01 6.81E-01 6.61E-01 6.60E-01 6.76E-01 7.00E-01

CP 23.9 103(40) 4.23E-02 7.27E-02 9.32E-02 1.05E-01 1.42E-01 1.81E-01

AC 22.9 12(8) 8.84E-01 7.95E-01 7.76E-01 7.75E-01 7.94E-01 8.18E-01

C1* 17.8 3(1) 8.04E-01 8.49E-01 8.76E-01 8.89E-01 9.19E-01 9.38E-01

CH 17.8 93(38) 5.03E-04* 2.89E-03* 7.39E-03 1.16E-02 3.13E-02 6.29E-02

FH 14.2 16(8) 2.69E-01 3.01E-01 3.29E-01 3.50E-01 4.31E-01 5.19E-01

C3 13.4 21(13) 9.94E-02 1.44E-01 1.80E-01 2.04E-01 2.88E-01 3.83E-01

C2 12.6 37(14) 3.15E-03 1.14E-02 2.39E-02 3.46E-02 8.15E-02 1.49E-01

C4 11.3 31(11) 3.10E-03 1.12E-02 2.39E-02 3.50E-02 8.43E-02 1.57E-01

Ho 7.8 8(3) 2.01E-01 2.46E-01 2.81E-01 3.05E-01 3.96E-01 4.99E-01

PR 5.5 10(2) 2.07E-02 4.37E-02 7.08E-02 9.13E-02 1.69E-01 2.67E-01

C2 + C3 + C4 16.6 89(38) 1.61E-04* 1.26E-03* 3.90E-03 6.71E-03 2.21E-02 5.00E-02

C3 + C4 15.7 52(24) 5.44E-03 1.69E-02 3.14E-02 4.28E-02 8.81E-02 1.49E-01

Bold P-values highlight significantly higher species richness in subtending clade than expected under the global rate of cladogenesis

(*significance after Bonferroni correction). ’ is the extinction rate, rG is the estimated global Chaetodontidae speciation rate conditional

on the extinction rate. Clade names and ages are taken from the node labels and mean node heights of Fig 1, and table 1 in Appendix S2.
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AF108594, C. meyeri AF108597, C. milliaris U23606,

C. multicinctus U23588, C. ornatissimus AF108600, C. plebius

AF108602, C. quadrimaculatus AJ748302, C. unimaculatus

AJ748304; Chelmon rostratus AF108612, Coradion altivelis

AF108613, Coradion chrysozonus AF108614, Forcipiger fla-

vissimus AF108615, Hemitaurichthys polylepis AF108616,

Heniochus acuminatus AF108618 and Parachaetodon ocellatus

AF108622 as per Littlewood et al., 2004; McMillan &

Palumbi, 1995; Nelson et al., unpublished GenBank

submission). Each locus was first examined for saturation

using DAMBE version 5.010 (Xia & Xie, 2001). This

method employs an entropy-based index of substitution

saturation (Iss); if Iss is significantly larger than the critical

Iss (i.e. Iss.c), sequences have experienced substitution

saturation (Xia et al., 2003). Prior to concatenating gene

regions, each gene was partitioned based on its function or

structure. Coding genes [cyt b and a short exon region

(99 bp) of ETS2] were partitioned according to codon

positions (1st and 2nd combined as conserved region, and

3rd codon separately). Nuclear introns (ETS2 and S7I1)

were partitioned into putative stem (conserved) and loop

(hypervariable) regions. Eight separate gene partitions

were identified in total.

Phylogenetic analyses
Maximum parsimony (MP) analyses were implemented in

PAUPPAUP* 4.0b10 (Swofford, 1998) using heuristic search

methods with 1000 pseudo-replicate bootstraps, tree-

bisection-reconnection branch swapping and random

addition of taxa. Two separate heuristic MP runs were

performed. First, all sites were treated equally and second,

sites were weighted according to gene partitions [3rd

codon, loop regions = 1; conserved (1st and 2nd codon)

and stem regions = 2]. A 50% majority rule consensus tree

was generated from all shortest trees obtained. Bayesian

inference (BI) analyses were implemented in MrBayes

version 3.1.2 (Huelsenbeck & Ronquist, 2001) using James

Cook University’s HPC GridSphere system (https://

ngportal.hpc.jcu.edu.au/gridsphere/). The analysis of the

combined data used a partition mix model method (pMM)

according to gene partitions with locus-specific substitu-

tion models, using MRRMODELTESTODELTEST version 2.2 (Nylander,

2004) and Akaike information criterion (AIC) (Nylander

et al., 2004). Two Bayesian pMM analyses were performed

using Markov chain Monte Carlo (MCMC) simulations

with four chains of 2 000 000 generations each, sampling

trees every 100 generations. Stationarity was reached after

10 000 generations and a 50% majority rule consensus

tree was computed using the best 16 000 post-burn-in

trees from each run. Six putative sister taxa were included

in the analyses, three pomacanthids (Pomacanthus annu-

laris, P. rhomboids and P. sexstriatus), an ephippid (Platax

orbicularis), and two scats (Scatophagus argus and Selonotoca

multifasciata) and, in addition, two distant outgroups, a

kyphosid (Kyphosus vaigiensis) and a microcanthid (Tilodon

sexfasciatum), which were used to root resulting trees. The

single best tree was selected for molecular dating.

Maximum likelihood (ML) analysis was performed

using Garli version 0.95 (Zwickl, 2006). Ten independent

runs were performed using the best substitution model

(as per AIC) for the combined data (not partitioned)

implemented with MODELTESTODELTEST version 3.7 (Posada &

Crandall, 1998). The best trees from the individual runs

were compared with ensure they did not differ in

topology and that the ML search was not arriving in a

suboptimal area of tree space. In addition, a ML analysis

with 100 bootstrap replicates was preformed to show

support of individual clades in the tree.

Molecular dating
Age estimation of the chaetodontid lineages was per-

formed in the program BEASTBEAST v1.4.8 (Drummond &

Rambaut, 2007). BEASTBEAST implements BI and a MCMC

analysis to simultaneously estimate branch lengths,

topology, substitution model parameters and dates based

on fossil calibrations. It also does not assume substitution

rates are autocorrelated across lineages, allowing the user

to estimate rates independently from an uncorrelated

exponential distribution or lognormal distribution

(UCLD). Many empirical data sets have been shown

not to demonstrate autocorrelation of rates and times

(Drummond et al., 2006; Alfaro et al., 2007; Brown et al.,

2008). An initial ultrametric tree was constructed in r8s

1.71 (Sanderson, 2004) from the topology and branch

lengths of the best Bayesian tree recovered from phylo-

genetic analyses, using a penalized likelihood (PL)

method (Sanderson, 2002). This topology was used for

calibration purposes by using parametric priors imple-

mented in BEASTBEAST to make assumptions a priori based on

fossil and biogeographic data (see below).

The vast majority of reported fossil chaetodontids are

demonstrably erroneous (Bannikov, 2004), a pattern

common in many other reef groups (e.g. scarids, Bellwood

& Schultz, 1991; pomacentrids, Bellwood & Sorbini,

1996). Fossil selection is critical, and fossils were only

used if placed in a family based on reliable morphological

criteria. Fossil calibrations were therefore restricted to

fossils from two families recorded from the Eocene

(50 Ma) deposits of Monte Bolca: Eoplatax papilio

(Ephippidae) (Blot, 1969) and Eoscatophagus frontalis

(Scatophagidae) (Tyler & Sorbini, 1999). With both

putative ephippid and scatophagid fossils having a min-

imum age of 50 Ma, an exponential prior was placed on

the Platax node (PL) with a hard lower bound age of 50 Ma

and a 95% soft upper bound of 65 Ma. The exponential

prior reflects the decreasing probability of a lineage being

older than its oldest fossil (Yang & Rannala, 2006; Ho,

2007). The soft upper bound of 65 Ma representing the

transition of fish faunas at the K ⁄ T boundary (following

Bellwood & Wainwright, 2002; Bellwood et al., 2004;

Fessler & Westneat, 2007) beyond which there is no fossil

record of modern reef fish families.

BEASTBEAST MCMC runs of 10 · 106 generations were

performed assuming the UCLD model with eight
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unlinked data partitions and unlinked substitution mod-

els specified by MRRMODELTESTODELTEST v2.2 (Nylander, 2004).

Ten independent analyses were run sampling every

500th generation. Resulting log files were examined

using Tracer v1.4 (Rambaut & Drummond, 2007) to

ensure all analyses were converging on the same area in

tree space. Tree files (approx. )10% burn-in) were then

combined using LogCombiner (Rambaut & Drummond,

2007) and compiled into a maximum clade credibility

chronogram to display mean node ages and highest

posterior density (HPD) intervals at 95% (upper and

lower) for each node.

Optimizing ecological traits
Two ecological traits (corallivory and habitat use) were

mapped to the best phylogenetic tree that was the basis

for dating diversification in the chaetodontids, using

Mesquite v 2.6 (Maddison & Maddison, 2007). Habitat

use traits were scored as 0 = not on reefs, 1 = rocky reefs

and 2 = coral reefs. Diet traits were scored as 0 = non-

corallivore, 1 = omnivores (that have < 1% coral in the

diet and feed on other invertebrates and ⁄ or algae),

2 = facultative or occasional coral feeders [which include

some (1–80%) hard coral in the diet] and 3 = corallivores

(in which the diet is dominated by i.e. > 80% hard or soft

corals). Ecological character states were drawn from the

published literature (Appendix S1; Table 1). Within the

corallivores, species are further identified as obligate hard

or soft corallivores when they feed exclusively on a

specific coral type.

Diversification rates
All diversification statistics were preformed in RR version

2.7.2 (http://www.Rproject.org) (Ihaka & Gentleman,

1996) using functions written for GEIGER (Harmon

et al., 2008), LASER (Rabosky, 2006) and associated

packages. The constant rates (CR) test of Pybus &

Harvey (2000) was used to investigate the rates of

cladogenesis of the chaetodontid crown group. This

test estimated the gamma statistic of the BEASTBEAST gener-

ated chronogram. Significantly negative gamma values

(< )1.645, one-tailed test) indicate a decrease in the

rates of cladogenesis over time. This implies that

internal nodes of the tree are distributed closer to the

root than would be expected under a Yule (pure birth)

process. To account for incomplete taxon sampling

(which increases Type 1 error of the CR test; Pybus &

Harvey, 2000) a Markov chain CR (MCCR) test (Pybus

& Harvey, 2000) was used to compare the observed

gamma to that of the null distribution created from

10 000 randomly subsampled, simulated (full) topolo-

gies under a Yule process. The relative cladogenesis

statistic (Nee et al., 1992) was used to identify lineages

with significantly faster ⁄ slower rate of cladogenesis.

These methods have previously been used to investi-

gate diversification rates in tetraodontiform lineages

(Alfaro et al., 2007).

Methods implemented in the tetraodontiform study

(Alfaro et al., 2007) were used to calculate the global

diversification rate (rG) of the chaetodontids across

extinction rates (’) in increments of 0.1 from 0 to 0.9

(see Magallon & Sanderson, 2001). Using functions in

GEIGER (based on the method of moments estimator of

Magallon & Sanderson, 2001) the probabilities of the

observed species richness in each of the major chaeto-

dontid lineages were calculated using crown group ages

and the global estimates of diversification rate (rG) for

each increment of extinction. In case of the C. robustus

lineage, no other reported taxa in this clade were included

in this study and thus the stem group age estimator was

used (equation 10a, Magallon & Sanderson, 2001; see

Alfaro et al., 2007) to calculate the above probability.

Results

Sequence variability

We examined 1759 bp of sequence of which approxi-

mately 50% was parsimony-informative. The two nucle-

ar markers, ETS2 and S7I1 had 647 and 655 bp

respectively, cytochrome b contributed a further 426 bp

with (47%, 65% and 47% parsimony-informative sites

respectively). None of the individual gene regions were

saturated (Iss 0.43 < 0.8 Iss.c, Iss 0.3 < Iss.c 0.8 and Iss

0.3 < Iss.c 0.78 respectively), neither was the concate-

nated data (Iss 0.4 < 0.8 Iss.c).

Model selection

The gene-specific models (AIC) for each of the eight

gene partitions used for Bayesian analysis were as

follows: Cyt b conserved region (gene 1, 1st and 2nd

codons) required a GTR + G model (gamma shape

parameter = 0.2397) with substitution Nst = 6, for its

3rd codon region (gene 2) a GTR + I + G model

(invariable sites = 0.02, c = 3.9890) with substitution

Nst = 6. ETS2 coding region required for its conserved

(gene 3) region a K80 model with substitution Nst = 2

(ti ⁄ tv ratio = 2.5419), and its variable (gene 4, 3rd

codon) region a HKY model with substitution Nst = 2

(ti ⁄ tv ratio = 1.5633). Both ETS2 stem (gene 5) and

loop (gene 6) required a GTR + G model (c = 0.9426

and 1.2595 respectively) with Nst = 6 substitution clas-

ses. S7I1 stem (gene 7) region required a HKY + G

model (c = 1.5603) with substitution Nst = 2 (ti ⁄ tv
ratio = 1.3058) and its loop regions (gene 8) a GTR + G

model (c = 5.4651) with substitution Nst = 6. The

model selections for pMM BI only requires a general

‘form’ of the model (Nylander, 2004), as the Markov

chain integrates uncertainties of the parameter values.

Therefore, seven of the eight gene partitions had a base

frequency = dirichlet (1,1,1,1) (i.e. unequal) while the

eight gene (gene 3, ETS2 coding, conserved region) base

frequency was set to = fixed (equal).
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Maximum likelihood analysis (GARLI) required an

overall GTR + G model (c = 0.5120) for all regions,

substitution Nst = 6 with substitution rates fixed

(0.7160, 2.3497, 0.8239, 0.6913 and 3.8464), and base

frequencies fixed (0.26, 0.2336, 0.2115 and 0.2949).

Tree inference

Stationarity of the Bayesian analyses was reached after

much fewer then 10 000 generations in both runs,

(visualized in Tracer version 1.4; Rambaut & Drum-

mond, 2007) and the 50% majority rule consensus tree

topology was no different from the best trees of each run

()lnL = )22 255.116 1st run and lnL = )22 254.149 2nd

run) with very high posterior probabilities (Fig. 1). Both

MP and ML analyses inferred the same tree topology as

per Bayesian analysis. We therefore included only the

support for each retrieved node (Fig. 1). Four major

clades of Chaetodon were retrieved, resembling closely the

four clades retrieved in a previous molecular study by

Fessler & Westneat (2007). Although identical species

were not analysed in the two studies, the placement of

species common to both studies was identical, despite the

use of different loci in the two studies. For clarity, in

Chaetodon we follow the four clades of Fessler & Westneat

(2007). Old taxonomic groupings were found to be of

limited utility (only one remains intact and retains its

traditional boundaries (Radophorus in clade 4) and we

will not consider them further within Chaetodon. Fessler

& Westneat (2007) provide a thorough evaluation of the

taxonomy of the family. The only additional detail from

our study is that Parachaetodon would make Chaetodon

(and the subgenus Discochaetodon) paraphyletic and

Parachaetodon is probably best placed within Chaetodon

(as a junior synonym).

Molecular dating

The best Bayesian topology and branch lengths received

by phylogenetic analyses (Fig. 1) was used as the initial

starting tree with an exponential prior used to calibrate

the PL node (see Materials and methods). BEASTBEAST log files

analysed in Tracer showed convergence between inde-

pendent runs in tree space. High effective sample size

scores of individual parameters indicated valid estimates

based on independent samples from the posterior distri-

bution of the MCMC. A maximum clade credibility

chronogram was compiled in Tree Annotator from

180 000 post-burn-in trees (9 · 107 generations from

10 BEASTBEAST MCMC runs). The chronogram displays mean

node heights received at each node by BEASTBEAST MCMC

with bars representing 95% HPD (Appendix S2, Fig. 1).

The family Chaetodontidae dates back to the early

Eocene where it split from pomacanthids with a mean

age of the most recent common ancestor (MRCA) of

50.1 Ma (41.5–60.7, 95% HPD). Estimated ages indicate

the origin of the butterfly fish and bannerfish clades at a

mean age of 32.8 Ma (24.9–40.9, 95% HPD) after which

they rapidly diversified, with the four major Chaetodon

lineages in place by the mid Miocene (Appendix S2;

Table 1). Also during the early Miocene we see the

origins of the three major divisions within the bannerfish

clade.

Optimization of ecological traits

Based on the species examined it is clear that corallivory

has arisen on at least five separate occasions (Fig. 2).

Corallivory has been reported in 25 chaetodontid species

(Appendix S1; Table 1). All are in the reef-butterflyfishes

clade and are restricted to a single monophyletic genus,

Chaetodon. Of these 25 corallivores, 17 are included in the

current phylogeny. The remaining eight species are easily

included in the four main Chaetodon clades based on

previous phylogenetic and taxonomic evidence (Appen-

dix S1; Table 1).

Chaetodon clade 1 contains only three species, all are

restricted to West African coastal waters, with no record of

coral feeding. Chaetodon clade 2 (37 species) contains three

distinct lineages of coral feeders (estimated MRCA to

omnivorous sister taxa in parentheses): C. quadrimaculatus

(3.2 Ma), the C. multicinctus clade (4.9 Ma) and the

C. unimaculatus-interruptus clade (4.3 Ma). The first two

lineages are hard coral feeders and probably have an

obligate dependence on corals. Chaetodon unimaculatus and

C. interruptus feed on soft and hard corals. Chaetodon clade 3

is predominantly corallivorous, with 19 of the 21 species

being obligate corallivores. Of the remaining species, the

diet of C. tricinctus is unknown, leaving one noncorallivore,

Parachaetodon ocellatus. The chronogram places the origins

of corallivory at about 15.7 Ma. Of the 31 species in

Chaetodon clade 4 only two are corallivores: C. melannotus

and C. ocellicaudus. These sister species are both obligate

soft coral feeders (Appendix S1; Table 1). They separated

from their omnivorous sister at about 9.8 Ma.

Diversification rates

The relative cladogenesis statistics identified the Chaeto-

don lineage as having a significantly different rate of

cladogenesis than its sister lineage. Both CR and MCCR

tests showed no evidence for a slowdown in the rate of

cladogenesis through time for the family Chaetodontidae

(c = )1.248, MCCR adjusted P = 0.55). As noted by

Magallon & Sanderson (2001) the estimates of rG

decreased with increasing extinction rates (Table 1).

The Chaetodon clade (CH) with all subtending lineages

showed significantly higher species diversity than

expected given the global diversification rate up to 90%

extinction rate (adjusted P = 0.03; ’ = 0.9). Clades 2 and

4 (C2 and C4) showed significantly higher species

diversity than expected (up to 80% extinction), however,

the corallivorous clade 3 (C3) is not significantly more

diverse than expected given the crown diversification
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rate even in the absence of extinction. The Prognathodes

lineage also shows significantly higher diversification for

up to 30% extinction (P = 0.044). If using a Bonferroni

correction (adjusted P = 0.0038) the Chaetodon (CH and

C2 + 3 + 4) clade still remains significant at low extinc-

tion rates.

Fig. 1 Inferred phylogeny of the butterflyfish and bannerfish (f. Chaetodontidae), based on 56 species with representatives from all

11 genera and 12 subgenera, obtained by Bayesian, maximum parsimony (MP) and maximum likelihood analyses for three loci (ETS2, S7I1

and cyt b). The topology shows the best bayesian tree with posterior probabilities (consensus of 32 000 trees) and bootstrap support (> 50%)

of MP and ML (1000 and 100 bootstrap replicates respectively). (*) 100% support. (–) no bootstrap support. The tree was rooted with Kyphosus

vaigiensis and Tilodon sexfasciatus.
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Discussion

Systematics of the Chaetodontidae

We present a comprehensive evaluation of the Chae-

todontidae, with representatives from all described

genera and currently recognized subgenera. There was

an extremely high degree of congruence among gene

regions and among methods (Likelihood, Parsimony and

Bayesian). Using independent models for each gene

partition the resultant phylogeny had strong support for

all major nodes. In all analyses, the phylogeny strongly

Fig. 2 A chronogram of the Chaetodontidae with optimized trophic modes reveals five independent origins of corallivory over the

last 15.7–3.2 Ma. Red/dotted branches indicate obligate hard coral feeders and blue/dashed branches obligate soft coral feeders. The

estimated ages are in Ma (see Fig. 1 and table 1 in Appendix S2 and for confidence intervals of the mrca age estimates). The butterflyfish

illustrations exemplify some of the corallivores in each of the independent clades in which coralivory has arisen (images from Kuiter, 2002).
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supports the monophyly of the family with a basal split

into two clades: the long-snouted bannerfishes and the

reef butterflyfishes.

Our phylogeny identified three major divisions in the

long-snouted bannerfish clade and four divisions in

the reef butterflyfish clade. A comparable pattern, for

nine of the 10 genera, was reported by Fessler &

Westneat (2007). Our data support this earlier study in

placing Amphichaetodon within the bannerfish clade,

rather than as a sister taxon to all remaining species in

the family, as suggested by most morphological phy-

logenies (Smith et al., 2003). The degree of agreement

between the two molecular studies is noteworthy.

Despite using different markers and different represen-

tative species, the topology of the resultant trees were

almost identical. This provides excellent independent

corroboration of our tree. With a robust, well sup-

ported phylogenetic reconstruction for this family we

are now able to explore the evolutionary history of

corallivory.

Divergence times within the Chaetodontidae

Given a well-supported cladogram, with independent

support for the topology, we endeavoured to provide

robust molecular age estimates within a chronogram. The

use of the program BEASTBEAST allowed more precise age

calibrations than previous approaches. Furthermore, the

use of exponential priors accommodates both the influ-

ence of the faunal transition at the K ⁄ T boundary and

the stronger influence of the 50 Ma calibration based on

the fossil ephippid (Eoplatax). Our age estimates in the

resultant chronogram are supported by several indepen-

dent lines of evidence.

Firstly, our estimated ages agree well with the available

fossil record. We used the two best fossil dates for

calibration [i.e. (1) The K ⁄ T boundary, marking the

transition between Mesozoic and Cenozoic faunas

(Patterson, 1993; Bellwood & Wainwright, 2002) and,

(2) the calibration 50 Ma, marking the earliest fossil

record of numerous reef fish families (Bellwood, 1996)].

However, there is a third piece of fossil evidence: a fully

articulated Miocene fossil chaetodontid (Carnevale,

2006). It is morphologically extremely similar to extant

taxa in clade 4, and at 7 Ma old lies shortly after the age

estimates for this clade with a mean age of 11.3 and 95%

HPD of 7.9–15.2 Ma.

Secondly, as an independent check, we can compare

our estimated ages with major biogeographic events.

These again compare favourably. Firstly, the terminal

Tethyan event (TTE) marking the final closure of the

Red Sea land bridge is dated between 12 and 18 Ma

(Steininger & Rögl, 1984). These ages approximate the

minimum age of the initial division between the major

clades within Chaetodon at 17.8 Ma (13.3–23.2 Ma, 95%

HPD). Of the major clades, two (2 and 4) lie on either side

of the land bridge, whereas clade 1 is restricted to the

Atlantic and clade 3 is restricted to the Indo-Pacific.

Secondly, the ages of lineages that appear to have been

separated by the rising of the Isthmus of Panama (IOP)

i.e. Chaetodon humeralis–C. ocellatus at 3.4 Ma (1.8–

5.4 Ma, 95% HPD) are again extremely close to the

estimated final closure of this land bridge at 3.1 Ma

(Coates et al., 1992), with the 95% density distribution

encompassing the geological dates (Lessios, 2008).

Finally, divisions between the Indian Ocean and Pacific

Ocean pairs (e.g. C. unimaculatus–interruptus at 1.3 Ma

and C. trifasciatus at 2.4 Ma) closely match the estimated

ages of other Indian Ocean–Pacific Ocean divisions

(McCafferty et al., 2002; Read et al., 2006). The separa-

tion of C. sedentarius and C. sanctaehelenae from their

closest known sister lineage in the Indo-Pacific may be a

further example of an invasion of the Atlantic via the

Cape of Good Hope (reviewed in Floeter et al., 2008).

Based on the first two biogeographic divisions (TTE and

IOP), our estimated ages with HPD intervals closely

approximate these two well dated biogeographic events.

Finally, a comparison of our age estimates with those

in previous studies, using a range of calibration methods,

suggest that the estimated ages of our terminal taxa are

comparable with those of other reef fishes (e.g. Fauvelot

et al., 2003; Bernardi et al., 2004; Klanten et al., 2004;

Barber & Bellwood, 2005; Read et al., 2006; Cowman

et al., 2009) and other reef organisms (Palumbi et al.,

1997; Lessios et al., 1999; Renema et al., 2008). The

closest study to the present work is by Fessler & Westneat

(2007) which yielded a very similar phylogeny and

broadly comparable ages, even though they used a single

model in tree construction and an additive PL method for

age estimation, while we used a partitioned mixed model

and Bayesian MCMC analyses with informative prior

calibrations. These differences will not necessarily change

the tree topology but can change relative branch lengths,

while the BEASTBEAST analyses take into account uncertainty

in topology, sequence dataset and model parameters.

Overall, fossil, biogeographic and comparative data pro-

vide strong support for our chronogram. This provides a

relatively robust platform for evaluating the evolution of

corallivory on coral reefs.

Evolutionary and biogeographic patterns within the
Chaetodontidae

In the Chaetodontidae, a move onto reefs was associ-

ated with a significant increase in species richness.

Interestingly, there was no increase associated with a

switch to corallivory and the exploitation of this widely

available reef resource. The Chaetodontidae can be

effectively divided into two ecologically and morpho-

logically distinct clades that should be represented as

sub-families: the bannerfishes and the butterflyfishes.

The bannerfish clade is characterized by a distinctive

long-snout morphology and it is within this clade that

we see a novel suspensorial protrusion mechanism
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(Ferry-Graham et al., 2001a). Despite the morphological

variation and innovation within the bannerfish clade,

however, the standing species richness of the bannerfish

lineage is not significantly different than expected given

the global rate of cladogenesis (even at high extinction

rates) for the crown Chaetodontidae (Table 1). Biogeo-

graphically, the bannerfish clade has close links with

Australia and temperate or sub-tropical waters, and a

subtropical Australian origin for this clade remains a

distinct possibility. Although habitat optimization in the

bannerfishes is uncertain (Fig. S1), three of the eight

lineages are found on temperate subtropical rocky reefs

and many species in the other lineages are found in

rocky or coastal waters, supporting these temperate

associations.

In contrast to the bannerfishes, the butterflyfishes

exhibit limited morphological variation. Indeed, they

appear to be relatively uniform (Motta, 1988) with

relatively simple oral jaw mechanics and kinematics

(Ferry-Graham et al., 2001a). Only with respect to

intramandibular flexion does there appear to be any

clear morphological variation (Konow et al., 2008).

Depending on the definition of a coral reef and a coral

reef fish (cf. Bellwood & Wainwright, 2002), it appears

that there have been multiple invasions of coral reefs

by chaetodontids. The butterflyfish clade contains

103 species, approximately 80% of species within

the family, and is strongly associated with coral reefs.

As in parrotfishes (Streelman et al., 2002), wrasses

(Westneat & Alfaro, 2005) and tetraodontoids (Alfaro

et al., 2007), the reef dwelling clades are exceptionally

species rich. The Chaetodon clade, in particular, exhibits

far higher numbers of species than expected even at

high extinction rates (P = 0.03, ’=0.8). When consider-

ing just the reef-based clades 2, 3 and 4 there is a

greater significant difference (P = 0.021, ’ = 0.8) from

expected. It thus appears that a move to reefs did indeed

underpin diversification in Chaetodon, as previously

reported in the tetraodontiformes (Alfaro et al., 2007).

This pattern may be expected in a number of reef fish

groups (Bellwood & Wainwright, 2002). However, it is

noteworthy that clade 3 does not demonstrate higher

species richness than expected, even though this obli-

gate reef fish clade contains the largest number of

corallivores found in any teleost taxon. It appears that a

move onto reefs, not a switch to corallivory, under-

pinned diversification within the family.

The rise of corallivory

The Chaetodontidae contains more corallivores than any

other fish family; however, this did not arise as a result of

a single exceptional event. Corallivory has arisen at least

5 times, with representatives in almost every major

butterflyfish clade. Furthermore, it appears to have

arisen relatively recently (15.7–3.2 Ma) and in a number

of markedly different ways.

The oldest estimated record of corallivory is in Chaeto-

don clade 3 at 15.7 Ma (the MRCA with an omnivorous

sister lineage; Fig. S2). Of the 13 species examined in this

clade, 12 are corallivorous (the exception is Parachaetodon

ocellatus). Nine additional species can be placed in this

clade based on phylogenetic (austriacus, larvatus, octofas-

ciatus, speculum and zanzibarensis) and taxonomic (mel-

apterus, lunulatus, andamanensis and triangulum) evidence

(Fessler & Westneat, 2007; Hsu et al., 2007). All these

taxa are obligate corallivores. This is the oldest record of

corallivory in the family and it is in clade 3 that we see

the strongest reef associations and the tightest links

between fishes and corals. Several species feed on just

one or two coral species and may be incapable of

switching prey species (Berumen & Pratchett, 2008),

while others specialize by ingesting specific parts of the

coral or just mucous (Cole et al., 2008). These species

have relatively long intestines and appear to represent an

extreme level of coral feeding specialization (Elliott &

Bellwood, 2003; Konow & Ferry-Graham, in press).

Given this level of specialization, it is no surprise that it is

species within this clade that exhibit the most extreme

negative response to the decline in coral cover as a result

of anthropogenic disturbances and climate change

(Pratchett et al., 2006, 2008; Wilson et al., 2006).

Given this long association with corallivory, the

monotypic Parachaetodon was a striking inclusion in clade

3. Parachaetodon ocellatus is not a corallivore and often

lives in sheltered sediment rich areas (Allen et al., 1998).

Given its position in the tree, this appears to be the first

recorded reversal from corallivory to omnivory. The

evolutionary scenario that may have triggered such a

change is unclear. The explanation may be biogeograph-

ic, with a dietary switch following the loss of corals in an

isolated marine basin.

The second oldest record of corallivory is in Chaetodon

clade 4 at about 9.8 Ma, in C. melannotus and its sister

species C. ocellicaudus (cf. Fessler & Westneat, 2007; Hsu

et al., 2007). These species are again strongly reef asso-

ciated and highly specialized obligate coral feeders.

However, these taxa are restricted exclusively to soft

corals. Their relationship with other members of the

clade is not well resolved and a sister group relationship

with the omnivore C. selene suggested by Fessler &

Westneat (2007) would imply that the origins of coral-

livory in the melannotus–ocellicaudus clade are younger

than our estimate. Nevertheless, this represents an

independent, and highly distinctive, obligate soft coral

feeding lineage.

The most recent examples of corallivory are found in

Chaetodon clade 2. This clade contains a large number of

species that occasionally graze on live corals, but only

four obligate corallivores. Here, corallivory arose as a

result of three independent events: C. multicinctus clade

(inc. pelewensis and punctatofasciatus) at about 4.9 Ma,

C. quadrimaculatus at about 3.2 Ma and the C. unimacul-

atus–interruptus clade at about 4.3 Ma. These ages are not
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well-established as incomplete taxon sampling precludes

robust estimates. Nevertheless, all the three stand as

relatively recent independent events, a pattern that is

unlikely to be altered by further taxon sampling. There

are two different feeding modes. The first two lineages

contain obligate corallivores and in both cases the pre-

ferred coral prey appear to be Pocillopora spp. (Berumen &

Pratchett, 2006). The latter clade consists of two sister

taxa that feed exclusively on corals; C. unimaculatus in the

Pacific and C. interruptus in the Indian Ocean. Chaetodon

unimaculatus appears to be unique in that it feeds on both

soft and hard corals (hard in French Polynesia and

Hawaii vs. soft on the GBR and in Guam; Motta, 1988;

Wylie & Paul, 1989; Konow & Ferry-Graham, in press;

M.S. Pratchett, unpublished). It is also the only butterf-

lyfish to take large bites from corals that remove both the

polyp and the surrounding tissues. In this, the bite is

more reminiscent of excavating parrotfishes which leave

distinctive scars at the feeding site (Bellwood & Choat,

1990). This robust feeding mode is reflected by an

unusually robust jaw morphology in this lineage (Motta,

1988; Konow et al., 2008).

Despite the clear patterns, care is needed when

interpreting evolutionary history from phylogenies.

The ages of origination refer to the approximate ages

at which extant lineages are hypothesized to have

commenced corallivory. The ages of these taxa are

comparable with those recorded from other reef fish

families such as the Pomacentridae (e.g. McCafferty

et al., 2002), Labridae (e.g. Read et al., 2006; Cowman

et al., 2009) and Acanthuridae (Klanten et al., 2004). Yet

in each of these three families the Eocene fossil record

yields several extinct fossil taxa that are the functional

equivalents of extant taxa (Bannikov & Sorbini, 1990;

Bellwood & Sorbini, 1996; Tyler & Sorbini, 1999). One

can not, therefore, discount the possibility that coralli-

vory predated the origins of extant lineages and our

minimum age estimates. However, our estimates do

provide a clear indication of the minimum age of this

feeding mode and evidence of an increasing diversity of

corallivores, in terms of both feeding modes and

number of lineages, during the Miocene and Pliocene

(15.7–3 Ma).

Corallivory and its implications for reef–fish
interactions and the evolution of coral reefs

Our chronogram clearly suggests that corallivory did not

arise with the origins of the major coral groups in the

Eocene. Rather, it ties in with a major expansion and

reorganization of reefs in the Miocene, and coincides

with the initial formation of the biodiversity hotspot in

the Indo-Australian Archepilago.

Even given that our estimates are minimum ages, 15.7–

3 Ma still represents a relatively recent origination for

such a derived feeding mode as corallivory. Scleractinian

corals have been a significant component of shallow

carbonate reefs since the early Tertiary, with most of the

major Acropora clades (the coral genus targeted by most

modern corallivores) already represented in the Eocene at

49–37 Ma (Wallace & Rosen, 2006). In contrast, other

major coral reef benthic feeding modes, e.g. grazing

herbivory and crushing with pharyngeal jaws, have been

present for at least 50 Ma (Bellwood & Sorbini, 1996;

Bellwood, 1999, 2003; Cowman et al., 2009). The prob-

lem of minimum estimates notwithstanding, this rela-

tively recent rise of corallivory raises two questions: are

chaetodontids one of the most recent taxa to switch to

corallivory and does this switch reflect a broader change

in the nature of reef–fish interactions?

In terms of the evolution of corallivory, the evidence is

scarce but all the indications are that the timing of

corallivory in chaetodontids is comparable to that of the

only other major group with significant numbers of

corallivores, the labrids. Based on the most recent labrid

phylogeny (Cowman et al., 2009) corallivory appears to

be derived, to have arisen only once (in the Labropsis–

Labrichthys clade) and to have arisen relatively recently,

although considerably earlier than in the Chaetodontidae

(at 29 Ma). In the parrotfishes (i.e. Bolbometopon muric-

atum and Sparisoma viride) coral feeding probably arose

prior to the late Miocene (12 and 10 Ma respectively;

Robertson et al., 2006; Cowman et al., 2009). Overall, it

appears that the chaetodontids are only exceptional in

terms of the number of corallivorous species within the

family. Their dietary shift appears to have coincided with

a general rise in corallivory in a range of reef fish families.

In terms of the broader changes in the nature of reef–

fish interactions, the rise of corallivory in the Miocene is

consistent with several other lines of evidence. We see

a progressive increase in detritivory in the Miocene

(Harmelin-Vivien, 2002) and a number of novel special-

ist groups e.g. specialist foraminifera feeders and fish

cleaners (Macropharyngodon; Read et al., 2006; Cowman

et al., 2009). The origins of corallivory, therefore, fit in a

broader context in which the Miocene exhibits a new

level of reef–fish interactions with more specialized reef-

associated taxa. This may be associated with the rise

of Acropora and Pocillopora as the dominant coral groups

during this period (Johnson et al., 2008; B. Rosen, personal

communication). The vast majority of corallivores and all

obligate specialists feed only on these coral genera.

The number of independent origins of corallivory and

the lack of morphological modifications to the feeding

apparatus suggest that there are few morphological

restrictions to corallivory, although the elongation of the

intestine suggests that the difficulty, if any, may lie in

processing rather than procuring coral tissues. Extant

corallivores are often highly selective feeders, exploiting

specific coral species or even specific sites on a coral (e.g.

damaged tissues) (McIlwain & Jones, 1997). The rise of

corallivory may therefore have been dependent on corals

reaching sufficient densities to permit the selective feeding

necessary to adequately process the coral tissues; the
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increased access to Acropora and Pocillopora colonies trig-

gering the expansion of corallivory in the Miocene. The

rapid expansion of coral bearing carbonate platforms in the

Indo-Australian Archepelago in the early-mid Miocene

(Wilson, 2008) may therefore have acted as the trigger for

not only the rapid expansion of numerous fish groups but

the origins of trophic novelty, including corallivory

(Renema et al., 2008; Cowman et al., 2009). In this

context, it is interesting to note that on modern coral reefs

the number of corallivores declines swiftly in response to

the loss of coral cover (Pratchett et al., 2006, 2008).

Coral reefs have been exposed to escalating predation

pressure for millennia (Vermeij, 1977; Bellwood, 2003).

For corals, predation by fishes certainly appears to have

increased over the last 15 Ma. We now have, for the first

time, an understanding of the origins of corallivory in

fishes. Of all corallivorous fishes 63% are found within a

single family, the Chaetodontidae. Yet, surprisingly,

within this family this derived feeding mode has arisen

at least five times over the last 3–15.7 Ma, with specialists

on both soft and hard corals. This unusual feeding mode

appears to reflect an exceptionally close association

between this family and coral reefs. An understanding

of this history offers a new perspective on the nature of

the relationships between fishes and coral reefs in a

changing world.
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Abstract The distribution of wildlife parasites in a

landscape is intimately tied to the spatial distribution of

hosts. In parasite species, including many gastrointestinal

parasites, with obligate or common environmental life

stages, the dynamics of the parasite can also be strongly

affected by geophysical components of the environment.

This is especially salient in host species, for example

humans and macaques, which thrive across a wide variety

of habitat types and quality and so are exposed to a wealth

of environmentally resilient parasites. Here, we examine

the effect of environmental and anthropogenic components

of the landscape on the prevalence, intensity, and species

diversity of gastrointestinal parasites across a metapopu-

lation of long-tailed macaques on the island of Bali,

Indonesia. Using principal-components analysis, we iden-

tified significant interaction effects between specific envi-

ronmental and anthropogenic components of the landscape,

parsing the Balinese landscape into anthropogenic (PC1),

mixed environment (PC2), and non-anthropogenic (PC3)

components. Further, we determined that the anthropo-

genic environment can mitigate the prevalence and inten-

sity of specific gut parasites and the intensity of the overall

community of gut parasites, but that non-anthropogenically

driven landscape components have no significant effect in

increasing or reducing the intensity or prevalence of the

community of gut parasites in Balinese macaques.

Keywords Macaques � Gastrointestinal parasites �
Intensity � Parasite species diversity � Ecosystem

Introduction

Ecological factors are often described as significant drivers

of primate sociality and intra-group interactions, including

social organization, mating systems, and social dominance

(van Schaik 1996; Lee 1999; Hartwig 2007; Thierry 2007;

Fuentes 2007). Given the shared evolutionary history of

humans and non-human primates, the current levels

of human-driven habitat disturbance, and the low levels of

host specificity for many parasites of primates, the risk of

disease emergence or re-emergence from non-human pri-

mates into human populations is high (Schrag and Weiner

1995; Wolfe et al. 1998; Jones-Engel et al. 2004). While it

is challenging to identify bi-directional transmission

between humans and other primates, the risk of shared

parasites may be great in areas with high human and non-

human primate densities and where resource sharing occurs

(Jones-Engel et al. 2004; Pederson and Fenton 2006;

Gasser et al. 2009; Gurarie and Seto 2008). The increase in

overlap of humans and wildlife populations, and the sig-

nificant effect of parasite-mediated host mortality, fertility,

and fecundity, necessitates the further understanding of

environmental components of host–parasite interactions

(Baudoin 1975; Dobson 1988; Combes 1996; Stirnadel and

Ebert 1997; Hurd 2001; Daszak et al. 2001; Keesing et al.

2006). Further, investigation of wild primate populations

can provide insight into the interaction between the envi-

ronment and the population dynamics and social structure

of both the host and parasite (Wolfe et al. 1998; Ostfeld

et al. 2005; Wolfe and Switzer 2009; but see Gasser et al.

2009).
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Although the effect of the environment on the trans-

mission dynamics of gastrointestinal parasites is evident

(Haufstater and Meade 1982; Jaffee et al. 1992; Roepstorff

and Murrell 1997; Slifko et al. 2000; Patz et al. 2000),

many studies compare host populations that differ drasti-

cally in only one important environmental component (i.e.

water availability or habitat) (Anderson and Beaudoin

1966; Grutter 1998; Baird 2003; Ferrari et al. 2004; Trejo-

Macias et al. 2007). Although this is important in deter-

mining the role of specific facets of the environment and

eliminating confounding factors, this approach minimizes

the ability to identify and understand the interactive effects,

and thus the emergent properties, of the landscape (Fuentes

2009). Few studies have examined how these environ-

mental factors have affected a community of parasites

across a metapopulation of non-human primate populations

thriving in a heterogeneous, anthropogenic landscape. For

example, Trejo-Macias et al. (2007) examined parasite

species prevalence and diversity in populations of howler

monkeys (Alouatta paliatta mexicana and A. pigra) and

found habitat fragmentation affects the diversity of infec-

tion of coccidia and strongylids. This study emphasizes the

importance of examining the effect of an environmental

component on a suite of parasites across host populations;

however, its fine-scale focus potentially limits the ability

to detect larger scale effects of parasitism across the

landscape.

The Indonesian island of Bali is an ideal model system

for evaluating the effect of a complex anthropogenic

landscape on gastrointestinal parasites. Long-tailed maca-

ques (Macaca fascicularis) live in temples associated with

forest patches, or monkey forests, across the island. Indi-

vidual monkey forests are closely associated with human

populations and are often provisioned (Fuentes et al. 2005;

Lane et al. 2010). The habitat of the island is wide ranging,

and in addition to a large urban center in the south of the

island, includes both tropical forest patches, bamboo for-

ests, wet rice agriculture, and dry scrub habitat, with water

availability reflecting the varied habitats (Southern 2002).

The existence of thriving populations of long-tailed

macaques across these habitats demonstrates the robustness

of this species to environmental fluctuations and pertur-

bations. However, the ability of macaques to access food

and water has had a substantial impact on the growth of

these populations, with a small number of populations

undergoing recent, explosive increases in population den-

sity. Although all macaque populations are in close spatial

proximity to human populations, a small number of pop-

ulations are located in the center of high-density human

populations and often act as tourist destinations for inter-

national travelers (Fuentes et al. 2005). This immediacy to

dense human populations and interactions with interna-

tional tourists can be a source of novel infections within

macaque populations, potentially exposing macaques to

human pathogens from across the globe and risking human

infection throughout Bali (Jones-Engel et al. 2004).

Gastrointestinal parasites that largely utilize the fecal–

oral route of transmission, including those helminths and

protozoa examined in this study, are potentially susceptible

to changing environmental conditions (Thieltges et al.

2008). Several of these parasites are water-borne or soil-

borne parasites and have environmentally resilient infec-

tive stages that can survive outside the host (Niezen et al.

2001; Mouritsen and Poulin 2003; Thieltges et al. 2008).

However, the success of these infective stages is largely

dependent upon the environment in which they occur and is

commonly susceptible to temperature fluctuations and

desiccation (Anderson and Beaudoin 1966). In Bali, the

substantial ranges in water availability, habitat type, ele-

vation, host population size, food availability and provi-

sioning rate, and proximity to high-density human

populations should facilitate predictable differences in gut

parasite species intensity, diversity, and prevalence.

Namely, gastrointestinal parasite prevalence, intensity, and

diversity should increase with water availability––given

their transmissibility through this medium—and with

macaque population size and nearness of high-density

human populations, because of the increased numbers of

interactions and larger sources of parasites under these

conditions. In contrast, high levels of provisioning and

readily available sources of year-round food among mon-

key forests should result in a decrease in parasite preva-

lence, intensity, and diversity, because of the combined

effects of better nutrition and minimization of time spent

foraging, reducing potential exposure to parasite infective

stages. We also predict that specific elements of the land-

scape: amount of forest, rice agriculture, and elevation––

those landscape features significant in landscape connect-

edness––will result in an increase in parasite prevalence,

intensity, and diversity by enhancing connections between

macaque populations and thus, parasite transmission.

Here, we report the prevalence, intensity, and diversity

of the gastrointestinal parasites of long-tailed macaques

across Bali, and the effect of specific environmental and

anthropogenic landscape components and their interactions

on these patterns of parasitism. Preliminary genetic evi-

dence comparing mitochondrial gene genealogies across

populations (Lane et al. 2010) reveals that the matrifocal

nature of macaques has resulted in long-term female sta-

bility, exhibited as genetic clustering at this locus by

population. Thus, we hypothesize complex geophysical

features will have a real effect on the prevalence, intensity,

and diversity of gastrointestinal parasites among these

macaque populations. Specifically, we evaluate how the

complex anthropogenic landscape facets of habitat type,

water availability, proximity to humans, provisioning rate
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or food availability, elevation, host population size, and the

interactions between these variables affect the patterns of

gastrointestinal parasites.

Methods

We collected samples of feces (n = 468) from 13 popu-

lations of long-tailed macaques on the Indonesian island of

Bali during the summer of 2007. Populations sampled here

have been monitored through multiple site visits from 2000

to 2007, and during these visits, population size estimates,

habitat assessments, and interviews with locals and tourists

were collected (Fuentes et al. 2005; Loudon et al. 2006;

Lane et al. 2010, 2011). These populations occur in habi-

tats dominated by rice agriculture, scrub-type habitat,

bamboo forest, and both wet and dry forest. Although most

populations are visited only infrequently and by Balinese

and other Indonesian tourists, a small number are visited

daily and by large numbers of international tourists,

resulting in a pattern of provisioning heavily skewed

towards these large populations (Fuentes et al. 2005; Lane

et al. 2010, 2011). The influx of international tourists at

these sites has enabled a level of management at these few

temples, further skewing the level of provisioning to the

scale of heavy and routine daily feeding.

A mean of 35 samples of feces (ranging from 16 sam-

ples at Angseri to 115 samples at Ubud) was collected per

population. In this system, macaque population sizes range

from 25 to approximately 400 individuals, and collections

of feces ranged from 15% (Bedugal) to 64% (Batu Pageh)

of the estimated macaque population size, with the average

collection representing 37% of the estimated population

size. A linear regression comparing prevalence against

sampling effort, to confirm no effect of over or under-

sampling of an individual population, found no significant

effect (R2 = 0.086, p = 0.843). Only fresh, non-dry sam-

ples were collected and, whenever possible, when defeca-

tion was observed. Collections were completed during a

1 day collection period for each site in order to minimize

duplication of sampling from individual macaques and to

minimize the risk of pseudoreplication (Paterson and Lello

2003). Samples were partitioned for immediate examina-

tion for helminths (fresh samples) and for examination of

protozoa stages (preserved). Samples were preserved in

10% formalin before being shipped to the United States for

further analysis (Garcia 1999; Chapman et al. 2005a, b;

Trejo-Macias et al. 2007). No necropsies of any macaques

were performed to determine the number of individual

parasites present.

Quantification of helminth infective stages was com-

pleted in the field immediately after daily collections. Fecal

flotations were performed using a Sheather’s solution with

a specific gravity of 1.23. Because of the limitations of

equipment accessible while in the field, in lieu of centri-

fugation, samples were mixed by inversion and left for a

minimum of 30 min before being analyzed (Zajac and

Conboy 2006). Parasites were identified by color, shape,

symmetry, and size (Foreyt 2001); identification is tenta-

tive below the genus level. Measurements to the nearest

0.1 lm were made with a field micrometer. Egg counts

were measured as the number of eggs or infective stages

per gram of feces (Table 1). Quantification of protozoa

infective stages was performed on samples preserved in

formalin using Wheatley’s modified trichrome stain. For

each sample, approximately 500 fields per sample were

examined, with counts averaged across five slides (Garcia

1999).

Prevalence and mean intensity of infection of each

parasite identified are reported for both the entire island

and for each individual macaque population. Further,

because of interest in the effect of the environment on

overall macaque ‘‘health’’, prevalence and mean intensity

were also reported for the community of helminth para-

sites, the community of protozoa parasites, and the gut

parasite community overall, again for the entire island and

for each individual population. Prevalence was reported as

the number of infected macaques per sampled subset of the

population (Margolis et al. 1982; Rozsa et al. 2000;

Chapman et al. 2005a, b; Greiner and McIntosh 2009).

Mean intensity was defined as the average number of

infective stages, as described in Table 1, among the

infected members of each population. Parasite species

diversity was measured using the Shannon–Weiner diver-

sity index (SDI), a standard ecological measure of species

diversity, which combines species richness and abundance

(Spellerberg and Fedor 2003; Trejo-Macias et al. 2007).

This was accomplished using the ‘‘vegan’’ package in R (R

Core Development Team 2009). Table 1 lists the stage

identified and counted for each parasite in this analysis.

Quantification of diagnostic stage for each parasite was

used, in lieu of the gold standard of necropsy and quanti-

fication of individual parasites, because of the large-scale

census of wild non-human primates as hosts in this

research. Preliminary genotyping of approximately 60% of

our samples across 13 microsatellite loci supports our

assumption of single samples of feces representing indi-

vidual macaques (data not presented).

Measures of environmental variables were made directly

or using a previously collected GIS dataset (Southern

2002). More specifically, measurements of forest, rice

agriculture, and urban area were measured as the amount

(m2) of contiguous forest, rice, or urban area surrounding

each macaque population. Elevation was measured directly

in 2007, using GPS, in the central area of each temple

associated with each macaque population. Population size

Primates (2011) 52:117–128 119
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was determined by repeated censuses taken throughout

2002–2005 (Fuentes et al. 2005) and again, in 2007, before

and after collection of feces. Water days is a measure of the

number of days per year that water is readily available for

drinking. This was determined by direct observation of

water sources, interviewing native Balinese (Lane et al.

2011), and from published datasets of annual rainfall

(Kripalani and Kulkarni 1998). Tourism days and offering

weight were also determined by direct observation and by

interviewing native Balinese, including temple staff (Lane

et al. 2011). Specific measurements made at each popula-

tion are listed in Table 2.

To identify any significant effect of the environment on

levels of macaque parasitism, principle-components anal-

ysis (PCA) was performed, using R, on eight measures of

the macaque environment: the number of days water is

available (water days), a measure of food provisioning

(offering weight), the number of days of tourism (tourism

days), elevation, population size, and the number of m2 of

rice agriculture, urban area, and forest patch in and around

a 100 ha buffer zone for each macaque population

(Table 2). Linear regression analysis was then performed

to compare principal components with standard deviations

greater than 1 (Table 3) with parasite prevalence, mean

intensity, and parasite species diversity across populations.

Regression analysis was also performed in R to compare

parasite community prevalence, mean intensity, and para-

site species diversity, across populations, to principal

components (R Core Development Team 2009).

Results

Descriptive statistics

Prevalence of helminths across the island ranged from

0.012 (Trichuris spp.) to 0.137 (Taenia spp.), with the

prevalence of the community of helminths on the island

equaling 0.312 (Table 4). Prevalence of protozoa across

the island ranged from 0.017 (Retortomonas spp.) to 0.632

(Entamoeba spp.), with the prevalence of the community of

protozoa on the island equaling 0.786 (Table 4). Island-

wide infection intensity peaked at 73.2 cysts (Giardia spp.

in Angseri (AS)). Across the island, helminth infection

intensity ranged from 3.5 eggs (Trichostrongylus spp.) to

12.5 eggs (Taenia spp.) and protozoa infection intensity

ranged from 2.7 cysts (Balantidium spp.) to 35.6 cysts

(Giardia spp.). Protozoa community intensity across the

Table 1 Stages and methods used for parasite identification

Parasite Stage identified Method Citation

Hookworm Eggs Sugar flotation Varadharajan and Pythal (1999),

Stuart et al. (1998)

Ascaris spp. Fertilized egg Sugar flotation Varadharajan and Pythal (1999),

Stuart et al. (1993)

Taenia spp. Egg, only in presence of proglottids Sugar flotation Garcia (1999)

Trichostrongylus spp. Egg Sugar flotation Ekanayake et al. (2006), Varadharajan

and Pythal (1999)

Enterobius spp. Eggs Sugar flotation Ekanayake et al. (2006)

Trichuris spp. Eggs Sugar flotation Singh et al. (2009)

Paragonimus spp. Eggs Sugar flotation Varadharajan and Pythal (1999),

Stuart et al. (1998)

Alaria spp. Eggs Sugar flotation Mohl et al. (2009)

Entamoeba spp. Cysts, but noted trophozoites when found Trichrome stain Kumagai et al. (2001), Ekanayake et al.

(2006), Stuart et al. (1998)

Giardia spp. Cysts, but noted trophozoites when found Trichrome stain Stuart et al. (1993), Salzer et al. (2007)

Endolimax spp. Cysts, but noted trophozoites when found Trichrome stain Ekanayake et al. (2006)

Isospora spp. Sporulated cysts Trichrome stain Stuart et al. (1993)

Iodamoeba spp. Cysts, but noted trophozoites when found Trichrome stain Ekanayake et al. (2006

Cryptosporidia spp. Sporulated oocysts Lugol’s iodine Ekanayake et al. (2006), Salzer et al. (2007)

Balantidium spp. Cysts Trichrome stain Ekanayake et al. (2006), Stuart et al. (1998)

Blastocystis spp. Cysts Trichrome stain Sheehan et al. (1986)

Trichomonas spp. Cysts, but noted trophozoites when found Trichrome stain Stuart et al. (1993)

Retortomonas spp. Cysts, but noted trophozoites when found Trichrome stain Stuart et al. (1993)
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island was 67.5 cysts, with the protozoa community dom-

inating infection of macaques across the island, resulting

in over five times as many protozoa stages found than

helminth stages (Table 5).

Principal-components analysis

The strength of the environmental variables and their

interaction effects on the strength of parasitic infection in

the long-tailed macaques of Bali was determined by PCA.

Three principle components were found to play a signifi-

cant role in partitioning environmental variation in this

system (Table 3). The first component (PC1) is largely

determined by the strength and interaction effects of the

amount of tourism, food offering weights, macaque popu-

lation size, and the interaction effects of these variables.

These are largely anthropogenic effects, with macaque

population size being heavily affected by the amount of

food provisioning the population receives. PC1 is negative

in direction, suggesting that any change in variables related

to this effect will be related to the decreasing amount of

overall anthropogenic effect of the landscape. Or, more

simply, any significant increase in parasitism related to an

increase in PC1 is suggestive of a decrease in anthropo-

genic landscape effects. The second component (PC2)

largely comprises the effects of the area of urbanization

Table 2 Environmental measurements, for each macaque population, that contributed to the principal-components analysis

Population Water days Tourism

days

Offering

weight (kg/day)

Forest (m2) Rice (m2) Urban (m2) Population

size

Elevation (m)

Alas Nengahn (AN) 244 365 75 510781 724907 32233 50 109

Angseri (AS) 244 91 0.4 536319 123203 102191 40 730

Bedugal (BD) 244 244 10 536319 0 9473 200 1387

Bukit Gumang (BG) 91 244 10 0 131 0 100 213

Batu Pageh (BP) 91 91 0.4 0 0 6546 45 270

Batur (BT) 91 244 33.5 0 0 0 25 1717

Cekik (CK) 91 91 0.8 977641 0 0 50 647

Lempuyang (LM) 365 91 2.5 180053 0 127074 60 754

Mekori (MK) 365 91 1.3 566899 298983 87969 60 630

Pulaki (PL) 244 244 40 106198 0 34488 200 679

Ubud (PU) 365 365 100 36002 807051 72013 400 62

Tejakula (TK) 91 91 5 417946 114393 23372 75 70

Uluwatu (U) 91 365 60 0 0 23372 300 80

Table 3 PCA results: components 1–3 explain almost 85% of the variation in the environment, and, as such, were used in the remaining

analyses

Component 1 Component 2 Component 3 Component 4

Standard deviation 1.8468642 1.4676169 1.0953147 0.76643758

Prop. of variance 42.63 26.92 14.99 7.34

Cumulative variance 42.63 69.56 84.56 91.89

Loading scores

Forest 0.236 0.329 0.509 0.402

Rice 0.344 0.313 0.333 0.443

City 20.589 0.310

Water days -0.161 20.609 0.310

Tourism days 20.453 0.240 -0.352

Offering weight 20.506 -0.223

Elevation 0.286 20.620 0.642

Population size 20.498 -0.241 -0.229

Component 1 is significantly affected by ‘‘anthropogenic effects’’ or number of tourism days, offering weight, and macaque population size.

Component 2 is affected by a combination of anthropogenic and non-anthropogenic effects, largely comprising the amount of city surrounding

each temple and the number of days with available water. And, finally, Component 3 is driven largely by non-anthropogenic components of the

environment––the amount of forest surrounding macaque populations and elevation

Primates (2011) 52:117–128 121
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(m2), the amount of days of available water around the

monkey forest, and their interaction effects. This compo-

nent is, thus, dominated by a mixed anthropogenic and

non-anthropogenic ecological effect. Finally, the third

significant component (PC3) comprises the area of

surrounding forest (m2), population elevation, and the

interaction effects between these variables. This final

component is therefore dominated by non-anthropogenic

ecological effects. Both PC2 and PC3 are positive in

direction, unlike PC1. Therefore, any significant increase

in parasitism related to PC2 or PC3 is related to an increase

in mixed or non-anthropogenic landscape effects,

respectively.

Environmental effects on the parasite community

By using linear regression analysis we were able to identify

how the three principal components (i.e. PC1: the anthro-

pogenic component, PC2: the mixed environment

component, and PC3: the non-anthropogenic ecological

component) affect each individual parasite’s prevalence

and intensity (Table 6) and how they affect the gastroin-

testinal parasite community’s prevalence, intensity, and

diversity (Table 7). It is important to remember when

interpreting these results that because the PC1 trend is

negative, a positive relationship involving PC1 is repre-

sentative of the negative effect of that particular

component.

Among the 18 parasites identified, the prevalence of

only three was shown to be significantly related to any

environmental component. Specifically, the prevalence of

Giardia spp. and Endolimax spp. were positively related to

the anthropogenic effects, or PC1 (p = 0.008 and 0.037,

respectively), and the prevalence of Entamoeba spp. was

positively related to the mixed landscape, or PC2

(p = 0.049). Thus, the prevalence of Giardia spp. and

Endolimax spp. are lessened with increased anthropogenic

alteration to the landscape whereas the prevalence of

Entamoeba spp. is enhanced in a mixed landscape. Unlike

prevalence, however, the intensity of eight of the eighteen

parasites identified showed a significant relationship with

PC1, PC2, or PC3. Four were positively related to PC1: the

intensity of Entamoeba spp. (p = 0.007), Giardia spp.

(p = 0.041), Isospora spp. (p = 0.022), and Blastocystis

spp. (p = 0.017) was lessened by increasing effects of

anthropogenic alteration of the landscape. Iodamoeba spp.

and Trichomonas spp. were both positively related to a

mixed landscape, or PC2 (p = 0.028 and 0.013, respec-

tively). And, finally, Cryptosporidia spp. and Retorto-

monas spp. (p = 0.049 and 0.001, respectively) had a

positive relationship with PC3, or the non-anthropogenic

effects of the landscape. Interestingly, these results dem-

onstrate that for 15 out of the 18 gastrointestinal parasites

identified, there is no significant environmental effect on

prevalence in the macaques across the island. Only for

Giardia spp. was there a significant relationship—both

prevalence and intensity increase as populations have less

Table 6 Individual parasite to principal-component regression

analysis: below are the R2 and p values from linear regression analysis

comparing individual parasite prevalence and mean intensity to PC1

(the anthropogenic effect), PC2 (the mixed effect), and PC3 (the non-

anthropogenic effect)

PC1 PC2 PC3

R2 p R2 p R2 p

Individual parasite prevalence

Ancylostoma spp. 0.019 0.622 0.161 0.138 0.070 0.340

Ascaris spp. 0.0001 0.999 0.047 0.439 0.041 0.472

Taenia spp. 0.192 0.102 0.004 0.817 0.070 0.341

Trichostonglyus spp. 0.002 0.882 0.006 0.792 0.0001 0.970

Enterobius spp. 0.010 0.718 0.0001 0.965 0.051 0.418

Trichuris spp. 0.038 0.487 0.017 0.644 0.202 0.092

Paragonimus spp. 0.093 0.270 0.025 0.575 0.002 0.868

Alaria spp. 0.091 0.273 0.013 0.690 0.069 0.346

Entamoeba spp. 0.054 0.404 0.267 0.049 0.114 0.218

Giardia spp. 0.432 0.008 0.001 0.935 0.042 0.463

Isospora spp. 0.040 0.473 0.081 0.302 0.0001 0.981

Endolimax spp. 0.293 0.037 0.031 0.531 0.001 0.934

Iodamoeba spp. 0.144 0.163 0.021 0.609 0.040 0.475

Cryptosporidia spp. 0.082 0.301 0.008 0.751 0.028 0.554

Balantidium spp. 0.015 0.661 0.200 0.094 0.024 0.585

Blastocystis spp. 0.014 0.670 0.012 0.700 0.0001 0.940

Trichomonas spp. 0.014 0.669 0.088 0.284 0.011 0.707

Retortomonas spp. 0.0001 0.956 0.066 0.783 0.019 0.230

Individual parasite intensity

Ancylostoma spp. 0.113 0.343 0.023 0.675 0.020 0.700

Ascaris spp. 0.050 0.472 0.300 0.081 0.132 0.272

Taenia spp. 0.235 0.110 0.062 0.435 0.010 0.755

Trichostonglyus spp. 0.157 0.291 0.157 0.291 0.197 0.231

Enterobius spp. 0.009 0.773 0.211 0.133 0.005 0.832

Trichuris spp. 0.240 0.510 0.002 0.958 0.067 0.741

Paragonimus spp. 0.190 0.388 0.019 0.796 0.211 0.360

Alaria spp. 0.457 0.527 0.990 0.063 0.050 0.857

Entamoeba spp. 0.694 0.007 0.006 0.790 0.028 0.566

Giardia spp. 0.305 0.041 0.069 0.366 0.017 0.656

Isospora spp. 0.553 0.022 0.122 0.358 0.029 0.659

Endolimax spp. 0.0001 0.994 0.022 0.662 0.007 0.803

Iodamoeba spp. 0.041 0.574 0.474 0.028 0.0001 0.970

Cryptosporidia spp. 0.089 0.472 0.243 0.214 0.504 0.049

Balantidium spp. 0.182 0.340 0.004 0.895 0.237 0.268

Blastocystis spp. 0.884 0.017 0.721 0.069 0.035 0.762

Trichomonas spp. 0.018 0.729 0.609 0.013 0.007 0.833

Retortomonas spp. 0.180 0.576 0.147 0.617 0.998 0.001

Significant values are highlighted
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tourism, less provisioning, and smaller population sizes.

For no individual helminth was there a significant rela-

tionship of either prevalence or intensity with any com-

ponent of the landscape.

At the total parasite community level, prevalence or

parasite species diversity was not significantly related with

any component of the landscape. However, protozoa

community intensity and total gut parasite community

intensity were both positively related to PC1, or the

anthropogenic effect of the landscape (p = 0.026 and

0.032, respectively), suggesting that tourism, provisioning,

and macaque population size can act to mitigate the

intensity of gastrointestinal parasite infections. No pattern

emerged relating PC2 or PC3 to community level intensity.

Discussion

In wild systems, no single component of the environment

acts truly independently. However, recognizing how

seemingly independent elements interact is crucial in

understanding how anthropogenically altered landscapes

affect the dynamics of the wildlife existing in that envi-

ronment. Here, we used principal-components analysis to

determine the strength of the interaction effects of the

environmental elements in this system. With this, we were

able to identify how specific elements of the environment

and their interactions affect the prevalence, intensity, and

diversity of the gastrointestinal parasites of the long-tailed

macaques of Bali.

The success of directly transmitted parasites in primates

can be positively affected by high host population size,

density, and group size, and evidence demonstrates that the

larger the host population size, the stronger and more

diverse the infection (Freeland 1979; Stuart et al. 1993;

Cote and Poulin 1995; Arneberg et al. 1998; Morand 2000;

Roberts et al. 2002; Poulin and Morand 2004; Bagge et al.

2004; Chapman et al. 2005a, b; but see Snaith et al. 2008).

This trend is often linked to the highly social nature of

many primate species (Fuentes 2007) with the epidemiol-

ogy of gut parasites enabling rapid individual to individual

transmission within the population (Brown and Brown

1986; Moller 1993). In Bali, however, macaque population

growth is often tied to provisioning rate in individual

monkey forests. Previous work has demonstrated that

increases in human contact leads to increased exposure to

parasites, especially gastrointestinal parasites (Sleeman

et al. 2000; Nunn and Altizer 2006). However, in Bali, the

increase in human contact is largely with a small number of

populations, with recent increases in Australian, European,

and American tourism. It is, therefore, unlikely to be the

source of macaque gut parasite transmission. Instead of an

increasing parasite burden with a high population size, our

results demonstrate that macaques are in high contact with

tourists, and so are heavily provisioned, and are, as a result,

thriving in large populations, with lessened prevalence and

intensity of gastrointestinal parasites.

Variability in access to water can also increase the risk

of exposure to parasites (Rendtorff and Holt 1954;

Sogandaresbernal 1955; Combes 2001). Contact with slow-

moving or standing water sources often increases exposure

to many infective stages of parasites associated with human

and animal feces (Wang and Dunlop 1954; Combes 2001;

Roberts et al. 2002; Nunn and Altizer 2006). Host popu-

lations living in areas near multiple water sources should

be exposed to a higher number and variety of parasites

relative to their host counterparts with little access to year-

round water sources. However, our results demonstrate

water availability, in conjunction with the amount of urban

area surrounding a monkey forest, does not directly limit or

enhance the prevalence or intensity of the majority of

gastrointestinal parasites, with only Entamoeba spp. linked

with an increase in prevalence and Iodamoeba spp. and

Trichomonas spp. linked with an increase in intensity in

populations with high water availability and urban contact.

Further, at the community level, no pattern emerged when

comparing water availability and proximity to high-density

human populations and gut parasite prevalence, intensity,

or diversity.

Primates living in complex habitats have been shown to

be infected by a greater intensity and diversity of parasites;

however, this trend is confounded by the great variety in

diet of these primates (Poulin 1997; Nunn et al. 2003; Nunn

Table 7 Community parasitism regression analysis: below, we report

the R2 and p values from linear regression analysis performed to

compare helminth, protozoa, and total gut parasite community prev-

alence, intensity, and diversity to PC1 (the anthropogenic effect), PC2

(the mixed effect), and PC3 (the non-anthropogenic effect)

PC1 PC2 PC3

R2 p R2 p R2 p

Community prevalence

Helminth 0.211 0.085 0.001 0.926 0.067 0.350

Protozoa 0.197 0.097 0.025 0.574 0.016 0.648

Gut parasite 0.246 0.060 0.013 0.685 0.057 0.391

Community intensity

Helminth 0.135 0.179 0.003 0.857 0.009 0.733

Protozoa 0.328 0.0261 0.006 0.787 0.002 0.876

Gut parasite 0.307 0.0321 0.006 0.782 0.001 0.910

Community diversity

Helminth 0.008 0.757 0.003 0.847 0.005 0.800

Protozoa 0.103 0.244 0.029 0.547 0.012 0.701

Gut parasite 0.041 0.468 0.037 0.491 0.074 0.327

Significant values are highlighted
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and Altizer 2006). In parasites with multi-stage life cycles,

or with infective stages transmitted through the environ-

ment, the habitat of the host–parasite interaction plays a

more direct role in the transmission of that parasite

(Combes 1996; Grutter 1998; Nunn and Altizer 2006).

Poor quality habitat and disturbed habitats are much more

likely to harbor a greater intensity and diversity of parasites

relative to host populations in optimum habitats (Poulin

1997; Morand 2000; Nunn and Altizer 2006). In a complex

anthropogenic landscape, such as the island of Bali, Indo-

nesia, the interaction between specific elements of the

environment and system dynamic components, such as

tourism and provisioning, can act in concert to minimize

the prevalence and intensity of parasitic infection across

populations.

In the context of long-term, anthropogenic changes

elemental to the Balinese landscape, the patterns emerging

suggest a more refined interpretation of the interface

between host, parasite, and environment. In anthropogenic

landscapes, heavily provisioned host populations have

reduced exposure to the infective stages of many parasites.

Traditionally, non-human primates with diverse diets have

the greatest parasite prevalence, intensity, and diversity;

however, the large-scale provisioning afforded the Balinese

macaques, especially in areas of high tourism, reduces the

need to forage and, ultimately, the likelihood of exposure.

Thus, despite human populations being a recognized source

of pathogen exchange (Jones-Engel et al. 2004), they can

also minimize parasite infection. Moreover, this human

provisioning can provide enough nutritional benefit to wild

populations to enable substantial population growth. How

this macaque–human interaction has limited or enhanced

gene flow opportunities through this landscape, and thus

parasite transmission, remains unanswered. Our data imply

overall lessening of several measures of gut parasitism in

macaque populations that are in regular, close-contact with

often high-density human populations. Nevertheless, the

complexity of host–parasite interactions warrants additional

investigation. Seasonality in parasite infection, for example,

is a potentially confounding variable, and following one or

more of these populations over the course of the year would

help us identify the importance of these anthropogenic and

environmental effects on the long-term success of the par-

asites identified here (Legesse and Erko 2004). Beyond this,

egg counts have been found to be potentially unreliable

measures of the level of infection (McKenna 1981). How-

ever, egg counts have been used reliably both as an estimate

of burden and as a reliable measure of parasite presence,

especially when examining wild, non-human primate pop-

ulations (Trejo-Macias et al. 2007; Ekanayake et al. 2006;

Ezenwa 2006; Salzer et al. 2007).

Our results demonstrate that an increasingly anthropo-

genic environment can lead to an overall lessening of the

intensity and diversity of gut parasites in wild macaque

populations. This contradicts previous findings linking

increases in parasitism with increases in human contact

and interactions (Nunn and Altizer 2006). It is likely that

these results are due to the type of human contact––in

Bali, the high interaction rate results in a benefit to

macaques via provisioning. Within this context, it will be

important to consider the anthropogenic environment

when analyzing primate–parasite dynamics. The anthro-

pogenic landscape continues to change these dynamics,

and indeed our expectations, of the opportunities for

transmission of parasites of non-human primates, espe-

cially those parasites reliant on the environment for

transmission success.
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Abstract. The Indonesian-Australian Archipelago is the center of the world’s marine biodiversity. Although many
biogeographers have suggested that this region is a ‘‘center of origin,’’ criticism of this theory has focused on the
absence of processes promoting lineage diversification in the center. In this study we compare patterns of phylogeo-
graphic structure and gene flow in three codistributed, ecologically similar Indo-West Pacific stomatopod (mantis
shrimp) species. All three taxa show evidence for limited gene flow across the Maluku Sea with deep genetic breaks
between populations from Papua and Northern Indonesia, suggesting that limited water transport across the Maluku
Sea may limit larval dispersal and gene flow across this region. All three taxa also show moderate to strong genetic
structure between populations from Northern and Southern Indonesia, indicating limited gene flow across the Flores
and Java Seas. Despite the similarities in phylogeographic structure, results indicate varied ages of the genetic dis-
continuities, ranging from the middle Pleistocene to the Pliocene. Concordance of genetic structure across multiple
taxa combined with temporal discordance suggests that regional genetic structures have arisen from the action of
common physical processes operating over extended time periods. The presence in all three species of both intraspecific
genetic structure as well as deeply divergent lineages that likely represent cryptic species suggests that these processes
may promote lineage diversification within the Indonesian-Australian Archipelago, providing a potential mechanism
for the center of origin. Efforts to conserve biodiversity in the Coral Triangle should work to preserve both existing
biodiversity as well as the processes creating the biodiversity.

Key words. Allopatric speciation, biodiversity, center of origin, Coral Triangle, larval dispersal, marine phylogeog-
raphy, stomatopod.
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The oceans of Indonesia are home to the highest marine
biodiversity in the world (Myers et al. 2000; Veron 2000;
Hughes et al. 2002; Roberts et al. 2002). Although a number
of theories attempt to explain this pattern (for a review see
Barber and Bellwood 2005), recent studies (Briggs 2000;
Mora et al. 2003) support the hypothesis that this region is
a center of origin (Ekman 1953), with increased biodiversity
arising from speciation within the waters of Indonesia, Phil-
ippines, and Papua New Guinea, a region collectively known
as the Coral Triangle (sensu Green and Mous 2004). A center
of origin requires that mechanisms must be acting to promote
lineage diversification within the Coral Triangle, and critics
of this hypothesis have highlighted the lack of a convincing
mechanism (Jokiel and Martinelli 1992). Although allopatric
differentiation is the most common model of speciation in-
voked for terrestrial organisms (Mayr 1942; Bush 1975;
Lynch 1989; Turelli et al. 2001) the pelagic larval dispersal
common in marine species results in few clear boundaries to
dispersal and should limit opportunities for allopatric diver-
gence (Palumbi 1992, 1994). Thus, high biodiversity in the
Indonesian-Australian Archipelago (IAA) seems paradoxical.

The dynamic geologic history of the IAA, however, sug-
gests ample opportunity for vicariance. During Pleistocene
glacial maxima, sea levels dropped 130 m below present
levels (Porter 1989; Voris 2000), exposing the Sunda and
Sahul continental shelves and constricting the waterways of

2 Present address: Department of Biology, Boston University,
Boston, Massachusetts 02215; E-mail: pbarber@bu.edu.

the IAA, potentially leading to increased isolation and al-
lopatric differentiation between populations spanning the
multiple ocean basins of the IAA. Support for Pleistocene
vicariance in the IAA comes from biogeographic studies dem-
onstrating patterns consistent with Pleistocene vicariance
(McManus 1985; Potts 1985; Fleminger 1986; Woodland
1986; Springer and Williams 1990) and from genetic studies
that indicate Pleistocene speciation (e.g., McMillan and Pal-
umbi 1995). Further support comes from studies that dem-
onstrate intraspecific genetic breaks on broad spatial scales
(�1000 km) among populations of fish (Lacson and Clark
1995), crabs (Lavery et al. 1996), prawns (Duda and Palumbi
1999), sea stars (Williams and Benzie 1998; Benzie 1999)
and mangroves (Duke et al. 1998) that span the IAA. These
phylogeographic studies emphasize the IAA as a barrier be-
tween two oceans, resulting in allopatric diversification dur-
ing the Pleistocene. However, the broad-scale geographic
sampling employed in these studies is too coarse to determine
whether phylogeographic patterns across species are truly
concordant, limiting our ability to rigorously examine the
specific processes promoting lineage diversification in the
IAA.

A robust test of the processes promoting lineage diversi-
fication in the IAA requires comparative population genetic
studies of multiple taxa on fine spatial scales throughout the
region. Such comparative studies have been performed in the
Caribbean (Shulman and Bermingham 1995), Great Barrier
Reef (Doherty et al. 1995), Western Atlantic (Avise et al.
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FIG. 1. Map of the Indo-West Pacific showing dominant (solid lines) and seasonally reversing currents (dashed lines), including the
North Equatorial Current (NEC), North Equatorial Counter Current (NECC), New Guinea Coastal Current (NGCC), Mindanao Eddy
(ME), Halmahera Eddy (HE), Makassar Strait (MS; the main passageway for the Indonesian Throughflow), and the South Equatorial
Current (SEC). Squares indicate Southern Indonesia localities, closed circles indicate Northern Indonesia localities, and diamonds refer
to Papua localities. Open circles indicate localities that could not be a priori assigned to one of the aforementioned regions. The islands
of Halmahera and Sulawesi are identified by Hal. and Sul., respectively. Numbers identify localities described in Table 2. Light gray
shading indicates coastal margins during Pleistocene low sea level stands, after Voris (2000).

1987), and French Polynesia (Fauvelot and Planes 2002), and
Lourie et al. (2005) examined patterns of gene flow in brood-
ing sea horses on the Sunda Shelf. However, there have been
no comparative population genetic studies to date on species
with pelagic larval dispersal on fine spatial scales in the center
of the Coral Triangle. Such studies are critical to provide a
robust test of the processes promoting lineage diversification
in the IAA, improving our understanding of the origins of
marine biodiversity in the IAA and of marine speciation in
general.

Although sea-level fluctuations may promote lineage di-
versification in the IAA, this isolation may be compounded
or mitigated by the physical oceanography of this region
because of the ability of oceanic currents to affect dispersal
through the transport of larvae entrained therein. Indonesia’s
oceanography is dominated by the Indonesian Throughflow
(Wyrtki 1987), a movement of 20 million m3/sec of water
from the Pacific to the Indian Ocean (Godfrey 1996; Gordon
and Fine 1996) through the waters of Indonesia (Fig. 1) with
associated currents that exceed 1 m/sec (Wyrtki 1961). The
vast majority (�90%) of the Indonesian Throughflow water
comes from the North Equatorial Current (Nof 1995; Morey
et al. 1999), providing a dispersal corridor to potentially link
populations throughout much of this region. The remaining
fraction comes from the New Guinea Coastal Current that
travels north and west along the northern coast of the island
of Papua (Papua New Guinea and Indonesian Papua). The
New Guinea Coastal Current is deflected in the proximity of
the island of Halmahera, forming the Halmahera Eddy (Fig.
1) and greatly limiting transport of New Guinea Coastal Cur-
rent waters into the Indonesian Throughflow (Nof 1995; Mor-
ey et al. 1999). A powerful graphical representation of this
isolation is illustrated in Lukas et al. (1991, p. 7092) in which
surface drifter buoys that enter the Halmahera Eddy do not

cross the Maluku Sea, but are instead retroflected and trans-
ported eastward. Thus, although marine larvae are often ac-
tive swimmers (Stobutzki and Bellwood 1997; Leis and
Carson-Ewart 1997; Wolanski et al. 1997; Armsworth 2001)
and can engage in behaviors (Cronin and Forward 1986;
Tankersley and Forward 1994; Forward et al. 1997) that may
result in limited dispersal (Jones et al. 1999; Swearer et al.
1999; Thorrold et al. 2001), the physical oceanography of
the IAA may have a profound impact on larval dispersal,
which in turn will impact gene flow and genetic cohesion
throughout this region.

Counter to predictions of genetic homogeneity resulting
from larval transport within the Indonesian Throughflow,
Barber et al. (2000) found pronounced patterns of genetic
differentiation among populations of the mantis shrimp Hap-
tosquilla pulchella (Crustacea: Stomatopoda) throughout the
IAA. Sampling on a scale of hundreds of kilometers revealed
that the genetic break between Pacific and Indian Ocean pop-
ulations was more precisely a break between populations
north and south of the Java and Flores Seas that are separated
by only 300–400 km. The discovery of a similarly large ge-
netic break between populations from Papua New Guinea and
Indonesia led Barber et al. (2002a) to suggest that although
Pleistocene vicariance may contribute to patterns of genetic
structure in marine populations of the IAA, other processes
such as limited water/larval transport across the Maluku Sea
and ecologically limited larval dispersal across the Flores
and Java Seas may be driving regional diversification in this
taxon. However, the validity of these hypotheses can only
be evaluated through a rigorous comparative study of mul-
tiple ecologically similar species spanning this region.

In this paper, we compare patterns of genetic structuring
in three Indo-Pacific stomatopod species. The congeneric spe-
cies Haptosquilla pulchella and H. glyptocercus, as well as
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TABLE 1. Egg size and postlarval settlement size for Haptosquilla pulchella, H. glyptocercus, Gonodactylellus viridis, and the western
Atlantic gonodactyloid Neogonodactylus oerstedii. We have previously estimated the larval period for H. pulchella at four to six weeks
(Barber et al. 2000, 2002a) based on the established facts that stomatopod larval development is highly regular and hence size is an
appropriate proxy for age, the larval duration of the related species N. oerstedii has been experimentally determined as 35 days, and the
three species in question hatch at a slightly smaller size yet recruit at a slightly larger size than N. oerstedii and hence are expected to
have a slightly longer larval period. Asterisk indicates estimated values.

Species Egg size (mm)

Size at
settlement

(mm) Larval period Source

H. pulchella 0.73–0.85 9.5–10 4–6 weeks* Erdmann 1997
H. glyptocercus 0.60–0.78 7–9.5 4–6 weeks* Erdmann 1997
G. viridis 0.63–0.95 5–9 4–6 weeks* Erdmann 1997
N. oerstedii 1.04–1.30 6 35 days Manning 1963; Provenzano and Manning 1978

the more distantly related Gonodactylellus viridis (Barber and
Erdmann 2000), are three of the most common coral reef flat
stomatopods found in the IAA (Erdmann 1997). Larvae of
each of these species hatch from similar-sized eggs and re-
cruit as similar sized postlarvae (Table 1). Stomatopod larval
development is highly regular such that larval size is good
predictor of age (Hamano et al. 1995). Therefore, it can be
assumed that the length of the larval period in these three
species is roughly similar, previously estimated at four to six
weeks (Barber et al. 2000, 2002a). Previous work has further
confirmed that the larvae of both H. pulchella and H. glyp-
tocercus are pelagic (Barber et al. 2002b). Ecologically, all
three species inhabit the intertidal and subtidal zones of coral
reef flats and are frequently found cohabitating in the same
piece of coral rubble (P. H. Barber and M. V. Erdmann, pers.
obs.). However, whereas H. glyptocercus and G. viridis occur
in a wide range of habitats and are common inhabitants of
both coastal and oceanic reefs, H. pulchella requires prox-
imity to freshwater, excluding them from oceanic reefs sys-
tems, including those that span Flores Sea (Erdmann 1997;
P. H. Barber and M. V. Erdmann, pers. obs.).

The comparison of these three taxa on fine spatial scales
across the same geographic region permits an examination
of how three ecologically similar species respond to the dy-
namic physical environment of the IAA, increasing our un-
derstanding of the processes promoting lineage diversifica-
tion in this region. Because broadly acting physical processes
produce similar patterns of regional genetic structure across
taxa with similar ecologies and dispersal abilities (Avise et
al. 1987; Avise 1992) this comparison will allow a robust
test of previously hypothesized phylogeographic barriers. In
particular, having similar larval durations, these three taxa
should be similarly affected by previously hypothesized lim-
ited larval transport across the Maluku Sea between the is-
lands of Papua and Indonesia (subsequently referred to as the
Eastern Barrier), resulting in concordant genetic breaks
across this region (Barber et al. 2002a). In contrast, we predict
that the sharp genetic break seen in H. pulchella across the
Flores and Java Seas (subsequently referred to as the South-
ern Barrier) should be absent or less pronounced in H. glyp-
tocercus and G. viridis, given those two species’ ability to
inhabit oceanic reefs and hence use them as stepping-stones
in dispersal.

MATERIALS AND METHODS

Sampling and Sequencing

From July 1994 until April 2005, over 800 juvenile and
adult specimens of H. pulchella, H. glyptocercus, and G. viridis
were collected from numerous localities throughout the IAA
(Fig. 1, Table 2) and preserved in 70–95% ethanol. For both
species of Haptosquilla, approximately 700 base pairs of the
mitochondrial cytochrome c oxidase subunit-1 gene (CO1) was
amplified from Chelex (Bio-rad, Hercules, CA) DNA extrac-
tions (Walsh et al. 1991) via polymerase chain reaction (PCR)
using primers H1490 and L2198 (Folmer et al. 1994) following
published protocols (Barber and Erdmann 2000). Primers in-
ternal to these were used for G. viridis (GV2LCO�GAGCA
TGATCAGGAATAGTAGG and GV5HCO�AAGTTGCGG
TCTGTAAGAAGTA) with thermocycling parameters of 38
cycles of 94�C/30 sec, 50�C/30 sec, 72�C/30 sec. Five micro-
liters of double-stranded PCR fragments were cleaned by add-
ing 0.5 units of shrimp alkaline phosphatase and 5 units of
exonuclease, then incubating at 37�C for 30 min and 80�C for
15 min. Cleaned PCR fragments were sequenced on an ABI
377 automated sequencer using BigDye (Applied Biosystems,
Foster City, CA) terminator chemistry. Forward and reverse
sequences were proofread in Sequencher (Gene Codes Corp.,
Ann Arbor, MI) and subsequently aligned by eye. Protein
translations were confirmed in MacClade version 4.05 (Mad-
dison and Maddison 2002).

Phylogenetics, Population Structuring, and Gene Flow

Due to previously reported high levels of regional genetic
variation (Barber et al. 2002a) and potentially polyphyletic
lineages in stomatopods (Barber and Boyce 2006), sequence
data from each individual species was initially screened to
confirm that all sequences from a given species formed a
monophyletic lineage and could therefore be reasonably as-
sumed to be a single taxonomic unit. First, all sequences of
H. pulchella and H. glyptocercus were compared to other
Indo-Pacific Protosquillidae, and all G. viridis samples were
compared to other Gonodactylidae from Barber and Erdmann
(2000) using neighbor-joining as implemented in PAUP ver-
sion 4.0b10 (Swofford 2002). Representative sequences from
major clades identified through neighbor-joining analyses
were then compared to all Protosquillidae and Gonodactyl-
idae taxa from Barber and Erdmann (2000) via heuristic max-
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TABLE 2. Collection localities and samples sizes of Haptosquilla pulchella, H. glyptocercus, and Gonodactylellus viridis examined in
this study. Numbers correspond to Figure 1. South, North, and Papua refer to phylogeographic regions in Southern and Northern Indonesia
and Papua New Guinea as discussed in the text. Flores and Banda populations could not be a priori assigned to a geographic region and
were omitted from gene flow analyses.

Locality Region H. pulchella H. glyptocercus G. viridis

1 Komodo South 6 9 12
2 Lombok South 10 10 9
3 Lovina, Bali South 48 5
4 Sanur, Bali South 16 11
5 Jepara, Java South 13
6 Pangandaran, Java South 11
7 Pulau Seribu South 14 11 21
8 Carita, Java South 16
9 Krakatau South 11 11

10 Belitung, Batu Hitam North 10 15
11 Belitung, Tanjung Pandan North 10
12 Riau North 21 10
13 Postiljons Flores 10 10
14 Tukang Besi/Wakatobi Flores 10
15 Spermonde, Sulawesi North 76 11 10
16 Pare Pare, Sulawesi North 10 5
17 Pantaloan, Sulawesi North 10 11 10
18 Derawan, Kalimantan North 10 12
19 Toli Toli, Sulawesi North 13
20 Kwandang, Sulawesi North 10 11
21 Pulau Tiga, Sulawesi North 14
22 Malalayang, Sulawesi North 10 11
23 Lembeh, Sulawesi North 10
24 Tanjung Dodepo, Sulawesi North 10
25 Gorontalo, Sulawesi North 10
26 Togians North 21 11 12
27 Talaud North 20 11 9
28 Davao, Philippines North 10 10
29 Hatta, Banda Banda 11 11
30 Obi Banda 9
31 Halmahera Papua 11 9
32 Sorong, W. Papua Papua 9
33 Biak, W. Papua Papua 11 16
34 Yapen, W. Papua Papua 10 10
35 Long Island, Papua New Guinea Papua 10 11 10
36 Madang, Papua New Guinea Papua 8

Total 403 238 204

imum likelihood with model parameters determined by
ModelTest 3.0 (Posada and Crandall 1998), and 100 maxi-
mum likelihood bootstrap replicates were performed to assess
node support. Sequences that fell outside monophyletic spe-
cies groupings were assumed to be heterospecific and were
omitted from all subsequent analyses. Furthermore, because
highly divergent clades could likely represent cryptic species,
all separations greater than 4.8% corrected sequence diver-
gence (based on the maximum likelihood parameters from
ModelTest) were also assumed to be heterospecific and were
omitted from analyses of gene flow. This value was chosen
based on Knowlton and Weigt (1998) in which the lowest
corrected pairwise sequence divergence for CO1 between
transisthmian sister species of alpheid shrimp was 4.8%.
These divergent clades are, however, included in the phy-
logeography figures to show the geographic positions of these
potentially cryptic species. Although defining taxonomic
boundaries based on sequence divergence in inherently ar-
bitrary, in the absence of detailed morphological studies, such
a strategy was required for consistency among the analyses.

For each taxon, a minimum-spanning tree based on pair-
wise sequence differences was created via the MINSPNET

algorithm as employed in Arlequin 2.0 (Schneider et al.
2000). All alternative connections were examined to deter-
mine whether they resulted in fundamental changes in the
tree topology. Clades separated by more than 10 mutational
steps were color-coded, and the frequency of these divergent
clades was plotted onto geography using pie diagrams.

Patterns of genetic structuring were estimated using the
AMOVA algorithm as implemented in Arlequin 2.0 (Schnei-
der et al. 2000). Analyses were run with regional subdivisions
of Papua (populations east of the Maluku Sea and north of
the Banda Sea), Northern Indonesia (populations west of the
Maluku Sea and north of the Java and Flores Seas) and South-
ern Indonesia (populations south of the Java and Flores Sea)
except for H. pulchella where additional groupings defined
by phylogeographic structure were also included. Signifi-
cance levels were determined through 10,000 randomization
replicates. To examine levels of gene flow among defined
regions, pairwise �ST, an analog of FST (Michalakis and Ex-
coffier 1996), among regions were calculated in AMOVA
from both pairwise and Kimura two-parameter distance. For
these analyses, populations from distinct phylogeographic re-
gions were grouped into single regional populations (e.g.,
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Papua, Northern Indonesia, Southern Indonesia) to be com-
parable with other migration estimates (see below). To stan-
dardize regional comparisons, samples from the Tukang Besi
(Wakatobi), Banda, and Postiljons were omitted from gene
flow analyses because their geographic positions in the Flores
or Banda Seas precluded clear a priori assignment to Papua,
Northern Indonesian, or Southern Indonesian populations.
Gene flow was then estimated using the formula Nm � 0.5
� [(1/FST) � 1] (Hudson et al. 1992).

Gene flow and divergence time among geographic regions
across the Southern and Eastern Barriers were simultaneously
examined with Mdiv (Nielsen and Wakeley 2001), a program
that can account for existing polymorphism prior to vicari-
ance through simultaneously estimating 	, Nm, and diver-
gence time, and can give effective estimates of these param-
eters with single nonrecombining loci such as mtDNA. Anal-
yses were run using a finite-sites model, a Markov chain
length of 2 � 106, burn-in time of 50,000, maximum migra-
tion rate and divergence time of 10. Scaled divergence time
was converted to years following Smith and Farrell (2005)
where Tdiv � T	/(2
), with T and 	 being estimated from
Mdiv, and 
 being calculated by multiplying a 1.4%/million
year rate of CO1 divergence (Knowlton and Weigt 1998) by
the length of the CO1 sequence data for each of the three
species. Because Mdiv reports results in terms of generations,
the resulting value was converted into years by assuming a
minimum generation time of two years in gonodactylid sto-
matopods (R. Caldwell, pers. comm.). As with AMOVA,
analyses were run excluding clades in excess of 4.8% di-
vergence. Although Nm values were estimated from mtDNA
and hence only represent female dispersal, sex-biased dis-
persal of pelagic crustacean larvae is highly unlikely, sug-
gesting that mtDNA derived dispersal estimates are likely
representative of males as well.

RESULTS

A total of 625 bp of mitochondrial cytochrome oxidase 1
was sequenced from 403 individuals of H. pulchella and 227
individuals of H. glyptocercus, and 491 bp of CO1 was se-
quenced from 213 individuals of G. viridis. All sequences
aligned easily and translated into protein. A total of 14 amino
acid substitutions were recorded for H. pulchella, three for
H. glyptocercus, and five for G. viridis; the remainder of
nucleotide variation was silent.

Neighbor-joining analyses of all haplotypes of H. pulchella
and H. glyptocercus with seven Protosquillid taxa from Bar-
ber and Erdmann (2000) showed these two taxa to be mono-
phyletic. This result was confirmed with maximum likelihood
analyses (Fig. 2) of representative sequences from the unique
clades identified in neighbor-joining analyses. However,
while the H. glyptocercus clades received 93% bootstrap sup-
port, there was no bootstrap support for the H. pulchella
clades with the exception of the unity of Northern Indonesia
and Yapen haplotypes receiving 74% bootstrap support. In
contrast, phylogenetic analysis of G. viridis haplotypes with
20 other gonodactylids from Barber and Erdmann (2000)
indicated two small clades that fell outside of the otherwise
monophyletic G. viridis sequences. Maximum likelihood
analysis confirmed (Fig. 2) that instead these sequences close-

ly allied (88% bootstrap support) with a recently described
species G. erdmanni (Ahyong 2001) although their specific
taxonomic status is uncertain (S. Ahyong, pers. comm.). As
such, these samples were omitted from analyses of genetic
structure and gene flow of G. viridis. However, the remainder
of G. viridis sensu stricto received 99% bootstrap support.

Haplotypes of H. pulchella formed four distinct clades: a
black clade separated by a genetic break of 18 mutational
steps (2.9% corrected sequence divergence) from a red clade
that itself was separated by 30 mutational steps from a white
clade (5.5% corrected sequence divergence), which in turn
was separated by 34 mutational steps (6.6% uncorrected se-
quence divergence) from a blue clade (Fig. 3A). As such, the
blue and white clades were omitted from AMOVA and Mdiv
analyses. Haplotypes from H. glyptocercus also fell into mul-
tiple groups: a black clade separated by 27 mutational steps
(4.7% corrected sequence divergence) from a blue clade
which was separated by 50 mutational steps (11.7% corrected
sequence divergence) from a group of two rare haplotypes
(white and red) that were 30 mutational steps (5.3% corrected
sequence divergence) different from each other (Fig. 3B).
The highly divergent red and white clades were omitted from
AMOVA and Mdiv analyses, but the blue clade was included
despite being close to the 4.8% cutoff. This decision was
made because although the red and white clades could be
morphologically distinguished from the blue and black, the
latter could not be distinguished even with the aid of knowing
their genetic identity (S. Ahyong, pers. comm.). Haplotypes
of G. viridis had four divisions: a black clade separated by
17 mutational steps (3.53% corrected sequence divergence)
from a white clade which was 15 mutational steps (3.0%)
from a light blue clade which in turn was 38 mutational steps
(10.6% corrected sequence divergence) from a dark blue
clade (Fig. 3C). Because of the deep divergence, the dark
blue clade was omitted from AMOVA and Mdiv analyses.
However, the remaining clades were included because no
clear morphological differences could be found among them,
even when separated genetically (S. Ahyong, pers. comm.).
Although all minimum-spanning trees had alternate connec-
tions, none affected the results reported herein.

Geographic distribution of the genetic variation was highly
concordant with geography. Previous results from H. pul-
chella (Barber et al. 2002a) showed that the Papua New Guin-
ea populations had only blue clade haplotypes, Northern In-
donesia populations had only black clade haplotypes and the
white clade was exclusive to Southern Indonesia (Fig. 4A).
However, new results obtained by including additional pop-
ulations in the analysis show black clade haplotypes spanning
the Eastern Barrier, extending across the Maluku Sea to west-
ern Papua (population 32, Fig. 1), whereas a fourth less di-
vergent clade was found only in northwestern Papua on the
island of Yapen. Results from H. glyptocercus show that blue
clade haplotypes dominate in Papua and decrease dramati-
cally in frequency west of the Eastern Barrier. Black clade
haplotypes span the Southern Barrier, dominating in both
Northern and Southern Indonesia, although the two rare high-
ly divergent white and red haplotypes are only encountered
in Bali (Fig. 4B). Similarly, in G. viridis, light blue haplo-
types are only seen in Papua, black clade haplotypes dominate
Northern Indonesia, and white clade haplotypes are predom-
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FIG. 2. Maximum likelihood tree of representative haplotypes from divergent clades of Haptosquilla pulchella, H. glyptocercus, and
Gonodactylellus viridis (in bold) with gonodactylid and protosquillid stomatopods from Barber and Erdmann (2000). Numbers at nodes
indicate support from 100 maximum likelihood bootstrap replicates.

inant in Southern Indonesia. Haplotypes from the dark blue
clade were distributed sparsely throughout central Indonesia,
and are subsequently referred to as the central clade (Fig.
4C).

AMOVA results calculated from pairwise distance indi-
cated that populations of H. pulchella were highly structured.
Excluding the highly divergent blue clade from Papua New
Guinea and white clade from Southern Indonesia, �ST �
0.800 (P � 0.00001) and a total of 77.2% of the observed
variance was the result of differences between Papua, South-

ern Indonesian, and Northern Indonesia populations. Vari-
ance among populations within groups and variance within
populations accounted for 2.9% and 19.9%, respectively.
Even excluding all but the black clade haplotypes, genetic
structure was strong in H. pulchella (�ST � 0.16, P �
0.00001). Similarly, H. glyptocercus was highly structured,
but less structured that H. pulchella, with �ST � 0.527 (P �
0.00001), excluding the highly divergent southern haplo-
types. Again, even when only black clade haplotypes are
considered, �ST � 0.113 (P � 0.00001) for H. glyptocercus.
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FIG. 3. Minimum spanning trees of mitochondrial cytochrome ox-
idase C, subunit-1 haplotypes for (A) Haptosquilla pulchella, (B)
H. glyptocercus, and (C) Gonodactylellus viridis as produced in
Arlequin (Schneider et al. 2000). Clades in excess of 10 bp different
are color coded and correspond to pie diagrams in Figure 4. Ex-
emplar haplotypes used in the phylogenetic analysis (Fig. 2) are
denoted with an X.

FIG. 4. Pie diagrams showing the relative frequency of highly
divergent clades of mitochondrial cytochrome c oxidase, subunit-
1 as depicted in Figure 3 for (A) Haptosquilla pulchella, (B) H.
glyptocercus, and (C) Gonodactylellus viridis. Dashed red lines high-
light the location of the hypothesized Eastern Barrier (EB) and
Southern Barrier (SB) across the Maluku and Flores Seas, respec-
tively.

A total of 47.9% of the variation was among regions, 4.8%
among populations within regions, and 47.3% was within
populations. Finally, excluding both the G. c.f. erdmanni hap-
lotypes and the divergent dark blue clade, G. viridis popu-
lations were also highly structured with �ST � 0.674 (P �
0.00001). A total of 43.5% of the variation was among re-
gions, 23.9% among populations within regions, and 32.7%
within populations. Again, even when only black clade hap-

lotypes are considered, significant structure is seen in G. vir-
idis (�ST � 0.055, P � 0.0009). Equivalent results for all
analyses were obtained with Kimura two-parameter distances
(results not shown). Results from all species are summarized
in Table 3.

Analysis of gene flow among regions (Table 4) revealed
patterns of limited to rare genetic exchange between Papua
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TABLE 3. AMOVA results showing degrees of freedom (df ), variance components (Var.), percent variation (% Var.) and �-statistics
for Haptosquilla pulchella, H. glyptocercus, and Gonodactylellus viridis. Runs included all populations as described in the text. Asterisk
indicates significance at the P � 0.00001 level.

Among regions

df Var. % Var. �CT

Among populations within regions

df Var. % Var. �SC

Within populations

df Var. % Var. �ST

H. pulchella 2 4.8 77.2 0.772* 14 0.18 2.9 0.125* 259 1.24 19.9 0.800*
H. glyptocercus 2 4.3 47.9 0.479* 17 0.44 4.8 0.092* 187 4.33 47.3 0.527*
G. viridis 2 4.30 43.5 0.434* 13 2.36 23.9 0.423* 142 3.23 32.7 0.674*

TABLE 4. Summary of gene flow (Nm) estimates across the Eastern
and Southern Barriers in populations of Haptosquilla pulchella, H.
glyptocercus and Gonodactylellus viridis as calculated from �ST
values from Arlequin (ARL) and directly from Mdiv. Because H.
pulchella had multiple phylogeographic regions in Papua, compar-
isons were not made between Northern Indonesia and Papua pop-
ulations. Instead, two separate comparisons were made: (1) North-
ern Indonesia populations (including Sorong, see text) were com-
pared to Yapen, and (2) Northern Indonesia populations were com-
pared to Sorong. Results include estimates that include divergent
clades as well as estimates derived using only haplotypes from a
single (black) clade, noted by double asterisks.

H. pulchella H. glyptocercus G. viridis

Papua vs. North, ARL n.a. 0.26 0.20
Papua vs. North, Mdiv n.a. 1.58 .28
North vs. Yapen, ARL .064 n.a. n.a.
North vs. Yapen, Mdiv 0.12 n.a. n.a.
North vs. Sorong, ARL** 2.61 n.a. n.a.
North vs. Sorong, MDiv** 3.80 n.a. n.a.
North vs. South, ARL 0.095 n.a. 0.94
North vs. South, MDiv 0.042 n.a. 2.06
North vs. South, ARL** 4.26 3.94 7.83
North vs. South, Mdiv** 4.02 4.02 5.14

TABLE 5. Theta and divergence time estimates between popula-
tions of Haptosquilla pulchella, H. glyptocercus, and Gonodacty-
lellus viridis from Northern Indonesia (North) and Papua and North-
ern and Southern Indonesia (South) as computed with Mdiv. Due
to multiple clades of H. pulchella in Papua, multiple comparisons
were required as described in the text. Results include estimates
that include divergent clades as well as estimates derived using only
haplotypes from a single (black) clade, noted by double asterisks.

	 Years

North-Papua
H. pulchella (North-Yapen) 54.9 2.64
H. pulchella (North-Sorong)** 41.3 0.47
H. glyptocercus 54.1 3.34
G. viridis 24.4 2.41

North-South
H. pulchella 48.0 4.8
H. pulchella** 39.9 0.37
H. glyptocercus** 59.7 0.96
G. viridis 18.7 0.81
G. viridis** 16.6 0.53

and Northern Indonesian populations across the Eastern Bar-
rier. Estimates of Nm from �ST and MDiv were highly con-
sistent with the exception of Nm values of H. glyptocercus.
For H. pulchella, the presence of multiple phylogroups in
Papua prevented a true Papua–Northern Indonesia compari-
son of gene flow. Instead, two separate comparisons were
made. First, populations from Northern Indonesia and Sorong
(western Papua) were compared to Yapen, the next sampled
population of conspecifics to the East in Papua. The resulting
�ST between Northern Indonesia and Yapen was 0.89 (P �
0.00001), yielding an Nm estimate of 0.064 similar to the Nm
� 0.12 obtained from Mdiv. To examine gene flow specifi-
cally across the Maluku Sea, a comparison between popu-
lations from Northern Indonesia and Sorong was done, yield-
ing �ST � 0.16 (P � 0.002), even though this comparison
only included populations containing black clade haplotypes.
This comparison yielded an Nm estimate of 2.61, similar to
Nm � 3.8 obtained from Mdiv. Populations of H. glyptocercus
had a �ST � 0.66 (P � 0.00001) resulting in Nm � 0.26,
but Nm � 1.58 was obtained from Mdiv. For G. viridis, �ST
� 0.73 (P � 0.00001) resulting in Nm � 0.20, roughly similar
to the Nm � 0.68 obtained from Mdiv. Although individual
clades of haplotypes spanned the Maluku Sea in both H.
glyptocercus and G. viridis, sample sizes were too limited to
permit analysis of gene flow within individual clades as with
H. pulchella.

Gene flow between Northern and Southern Indonesia

across the Flores and Java Seas across the Southern Barrier
was similar in all three species (Table 4). Including only black
clade haplotypes, populations of H. pulchella had �ST �
0.105 (P � 0.00001) across this span, yielding Nm � 4.26,
comparable to the Nm � 4.02 obtained from Mdiv. However,
these values would drop to Nm � 0.095 and 0.042, respec-
tively, were the black and white clades found to be conspe-
cific. Nearly identical results were obtained from H. glyp-
tocercus with �ST � 0.113 (P � 0.00001) across the Flores
Sea, resulting in Nm � 3.9, similar to Nm � 4.02 obtained
from Mdiv. Excluding only the dark blue clade, genetic struc-
ture in G. viridis was �ST � 0.35 (P � 0.00001), yielding
Nm � 0.94, or Nm � 2.06 from Mdiv. Including only the
black clade haplotypes, genetic structure was still significant,
with �ST � 0.06 (P � 0.0009), yielding Nm � 7.83, or Nm
� 5.14 as obtained from Mdiv.

Relative divergence times in Mdiv were scaled assuming
a rate of CO1 sequence divergence of 1.4%/million years
(MY; Knowlton and Weigt 1998) and a minimum generation
time of two years. For H. pulchella, populations from North-
ern Indonesia and Yapen are estimated to have diverged 2.64
million years ago (MYA), whereas divergence within the
black clade between Northern Indonesia and Sorong has been
more recent at 0.47 MYA (Table 5). For H. glyptocercus and
G. viridis, divergence between Northern Indonesia and Papua
New Guinea populations were estimated at 3.34 MYA and
2.42 MYA, respectively. Divergence times between Northern
and Southern Indonesia populations were 0.37 MYA for H.
pulchella, 0.96 MYA for H. glyptocercus, and 0.81 MYA for
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G. viridis. Even when only black clade haplotypes were ex-
amined, divergence of G. viridis populations across this span
was similar at 0.53 MYA. 	 values were similar for H. pul-
chella (39.9–54.9) and H. glyptocercus (54.1–59.7), but these
were two to three times as large as 	 values for G. viridis
(18.6–24.4).

DISCUSSION

Regional Patterns of Isolation

Three ecologically similar mantis shrimp species show
broad similarity of deep genetic structure throughout the In-
donesian Archipelago. All three species include genetically
distinct southern populations on the Indian Ocean side of the
archipelago, distinct eastern populations along the coast of
Papua and distinct central populations in between. Although
Indonesia has long been described as an area of strong genetic
breaks between the Pacific and Indian Oceans (Lacson and
Clark 1995; Lavery et al. 1996; Duke et al. 1998; Williams
and Benzie 1998; Benzie 1999; Duda and Palumbi 1999;
Williams et al. 2002), our results show that these breaks are
not the simple genetic clines seen across genetic breaks in
other oceans (Avise 1996). Instead, the population patterns
described here show a complex genetic mosaic within the
complex oceanography and insular geography of the Indo-
nesian Archipelago. Although the broad patterns among spe-
cies are similar, the detailed edges of the internal genetic
mosaics and the timing of population differentiation among
mosaic patches vary slightly among species.

The commonalities of phylogeographic pattern and gene
flow at the largest spatial scale observed in all three taxa
suggests that the action of common regional scale physical
process(es) have acted in their creation (Avise 2000). How-
ever, for patterns to be maximally concordant, they must also
exhibit temporal concordance (Cunningham and Collins
1994). Yet each of the three species is unique in its response
to the physical processes acting in this region with individ-
ualistic patterns, depths, and timing of regional genetic di-
vergence. This result indicates that processes promoting re-
gional genetic differentiation are strong, but that these pro-
cesses may be occasionally swamped by gene flow during
periods of altered dispersal. A nonexclusive alternative is that
chance events or short-term environmental forcing affects
some aspects of regional population-level differentiation
within the Indonesian Archipelago. Such variable environ-
mental impacts may be common in complex habitats such as
Indonesia and during complex climate periods such as the
Pleistocene.

Divergence across the Eastern Barrier

All three taxa show evidence of isolation in the region of
the Eastern Barrier between populations on the island of Pap-
ua and the Indonesian islands west of the Maluku Sea (Fig.
3). In each case, major clades divergent by 15–38 nucleotide
substitutions separate haplotypes on either side of this break,
and for two of three species these divergent haplotypes form
sister clades in the phylogenetic reconstruction (Fig. 2). The
low estimates of gene flow and population divergence dating
to the Pliocene suggests that this structure has evolved from

limited genetic exchange over an extended period of time.
However, the recovery of pronounced genetic structure even
within the black clade of H. pulchella indicates that this re-
gion continues to be a barrier to gene flow. Similar genetic
discontinuities across this region are also seen in nautilus
(Wray et al. 1995) as well as in human populations (Capelli
et al. 2001), supporting the notion that this region is a bio-
geographic barrier.

The region is also host to two historically named biogeo-
graphic breaks, Weber’s Line (through the Maluku Sea, see
Van den Bergh et al. 2001) and Lydekker’s Line (through
the Halmahera Sea, see Van Oosterzee 1997). The former
was defined as the middle of a zone of faunal mixing of
Oriental and Australian fresh water fauna, whereas the latter
marks the edge of the Sahul Continental shelf and the very
far eastern reaches of Wallace’s zoogeographic province.
Both lines denote a strong west-east decline in terrestrial
species of Oriental origin across this region, with different
species showing slightly different biogeographic patterns.
Likewise, although our three mantis shrimp species show
genetic breaks from Papua New Guinea to the Indonesian
Archipelago, the precise location of this break varies. For H.
glyptocercus, the break occurs across the 400-km-wide Ma-
luku Sea, whereas for H. pulchella and G. viridis, the break
occurs farther to the east between Halmahera and Papua.
Further evidence for isolation across the Maluku Sea comes
from analysis of intraclade genetic structure in H. pulchella.
In this species, black clade haplotypes extend across the Ma-
luku Sea from Northern Indonesia to western Papua. How-
ever, genetic structure within the black clade between North-
ern Indonesia and western Papua was still pronounced (�ST
� 0.161, P � 0.005) further indicating limited genetic ex-
change between these regions.

Based on Mdiv results, divergences between major clades
in Northern Indonesia and Papua date to 3.34 MYA and 2.42
MYA, respectively, for H. glyptocercus and G. viridis and to
2.64 MYA for H. pulchella. These dates broadly mark the
end of the Pliocene and a period of marked sea-level fluc-
tuations that began 2.6 MYA (Pillans et al. 1998), a process
that has long been hypothesized to have sparked marine spe-
ciation (Potts 1985). Increased upwelling during low sea-
level stands (Fleminger 1986) may have acted to isolate both
Indian and Pacific populations as well as populations in In-
donesia and Papua that span the Eastern Barrier.

An alternative but not mutually exclusive explanation is
that regional dispersal is limited by low water transport from
Papua to Indonesia across the Maluku Sea even at high sea
levels. The retroflection of South Pacific waters by the Hal-
mahera Eddy results in limited water exchange between Pap-
ua and the remainder of Indonesia. Although these are pres-
ent-day surface currents, they result from processes that are
highly stable. First, the proximity of Asia and Australia con-
tinents and their respective shallow continental shelves (see
Fig. 1) constricts the waterways between the Pacific and In-
dian Oceans, a constriction that has been pronounced for at
least the past 12 million years (Hall 1998). Because of this
constriction, trade winds caused by convective heating in the
tropics combined with the eastward rotation of the earth cre-
ates a sea surface height and pressure differential between
the Pacific and Indian Ocean, driving the Indonesian
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Throughflow (Wyrtki 1987) and shaping the associated West-
ern Boundary Currents (e.g., Mindanao and Halmahera Ed-
dies). Although there is variability in the intensity of the
Indonesian Throughflow (Bray et al. 1996), particularly with
respect to climate events such as the El Niño/Southern Os-
cillation (ENSO; Meyers 1996), many of the features that
drive the physical oceanography of this region have been in
place and operating for millions of years. The intensity of
the Throughflow and associated currents may have dimin-
ished at times, but a wholesale reversal with Indian to Pacific
transport is unlikely (R. Lukas, pers. comm.). Thus, while
variation is expected, the currents associated with the In-
donesian Throughflow have likely been a persistent feature
of this oceanographic region since the middle Miocene. Lim-
ited water and larval transport between distinct geographic
regions for large parts of the past several million years may
promote lineage diversification de novo, and/or may act to
reinforce Pleistocene vicariance, and may explain the genetic
structure across this region even within the black clade of H.
pulchella.

Divergence in Southern Indonesia

Regional genetic differentiation among populations span-
ning the Flores Sea was also seen in all three taxa. The stron-
gest phylogeographic pattern was observed in H. pulchella
(see also Barber et al. 2000, 2002a), in which very limited
mixing was seen between populations dominated by diver-
gent haplotypes on the southern versus northern shores of
the Flores and Java Seas. Across the same area, G. viridis
showed a less pronounced genetic break across the Flores
Sea: instead, differentiation occurred along the southern
shores of the Java Sea, particularly along the islands of Java
and Belitung off the coast of Sumatra (Fig. 4). Just as in H.
pulchella, a dramatic genetic shift occurs along a 200-km
stretch of coast between these two islands. These deep phy-
logeographic breaks vary greatly in age, with divergence
across the Flores Sea dating to 4.8 MYA in H. pulchella and
only 0.81 MYA in G. viridis. Thus, they either originated
from different processes separated by millions of years, or,
perhaps more likely, by a physical process that has been
present for an extended period of time.

The least genetic structure was observed in H. glyptocercus,
in which a shift between major haplotypes did not occur.
However, genetic structuring among closely related haplo-
types between Northern and Southern Indonesian populations
was observed (�ST � 0.112, P � 0.00001) with levels of
gene flow much less than would be expected of a taxon with
a four- to six-week pelagic larval dispersal phase in an en-
vironment where strong currents should facilitate dispersal.
Similar conclusions are drawn from H. pulchella and G. vir-
idis, in which comparable levels of genetic structure were
seen across the Flores Sea, even when clades of deeply di-
vergent haplotypes were excluded from the analysis. In all
three species, divergence within individual clades spanning
the Flores Sea dates to the mid- to late Pleistocene (0.37–
0.96 MYA, Table 5). Given at least 10,000 years of modern
oceanographic conditions since the end of the last glacial
maxima, strong gene flow across the Flores Sea would be
expected to erase any incomplete genetic boundaries sepa-

rating populations north and south of the Flores Sea, yet
significant levels of genetic structure remain. The combi-
nation of deeply divergent phylogeographic lineages of high-
ly varied temporal origins with continued evidence of limited
genetic exchange across the Flores Sea suggests that isolation
most likely results from a process with a prolonged effect.
However, unlike divergence across the Maluku Sea, there is
no obvious physical process to explain divergence across this
span.

Strong genetic differentiation across the Flores Sea shows
that individual ecological requirements of these three species
do not strictly control dispersal. The tendency of H. pulchella
to settle only on reefs in proximity to freshwater influx could
prevent the use of small oceanic islands in the Flores Sea as
stepping-stones, whereas the other two species are free of
this constraint. However, the small degree of leakage of H.
pulchella black clade haplotypes across the Maluku Sea com-
bined with gene flow estimates that are similar in all three
species across this span indicates that dispersal can occur in
the absence of stepping-stones. This result suggests that step-
ping-stone islands do not strongly influence migration across
the Flores Sea in these stomatopods.

Genetic Endemism and the Metapopulations of Indonesia

The islands of the IAA have complex geologic origins with
a mixture of continental shelf and deepwater ocean origins.
Habitat differences among islands could conceivably account
for some of the phylogenetic breaks observed here. For ex-
ample, Springer (1982) noted a distinct shift in shallow-water
fish fauna on islands of adjacent tectonic plates. For cowries,
an association between larval dispersal duration and ocean
habitat type experienced by the larvae contributes to patterns
of diversification (Meyer 2003). Genetic differences across
the Halmahera Sea correspond geographically to the edge of
the Sahul Shelf. However, habitat-based explanations are un-
likely because we see similar genetic breaks in species with
specialist and generalist habitat requirements. Haptosquilla
pulchella is stenotopic in its habitat requirements, preferring
only shallow reef flats in close proximity to freshwater sourc-
es. In over 13 years of collecting these animals throughout
the Indo-Pacific, we have found H. pulchella only in these
areas. In contrast, G. viridis is extremely tolerant of habitat
quality. Even within a single observed phylogeographic re-
gion (e.g., black clade), this taxon can be found in oceanic
reefs and coastal/continental reefs, as well as in pristine reefs
and highly eutrophied reefs that are nearly dead (Erdmann
1997; P. H. Barber and M. V. Erdmann, pers. obs.). Hap-
tosquilla glyptocercus is found across similarly divergent hab-
itat types, although it is less tolerant of eutrophication than
G. viridis. Thus, because habitat variation within phylogeo-
graphic regions exceeds that among regions, habitat variation
is an unlikely explanation for the generation of phylogeo-
graphic structure.

In addition, the phylogeographic structure does not cor-
respond in a simple way to the geologic origin of the islands
they inhabit. For example, genetic homogeneity is observed
along the shores of Sulawesi (Barber et al. 2002a), an island
with multiple geologic origins (Hall 1998). In contrast, the
islands of Sumatra and Java have similar geologic origins,
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yet there are major genetic breaks at their juncture in two of
three species. Explanations for sharp genetic breaks in taxa
with high potential dispersal remain obscure (Barber et al.
2000; Taylor and Hellberg 2003). However, the interaction
of extrinsic habitat variation and intrinsic forces such as
swimming (Katz et al. 1994; Yoshimura et al. 1999), vertical
migrations (Cronin and Forward 1986; Tankersley and For-
ward 1994; Forward et al. 1997), or resident adults interfering
with larval recruitment (Woodin 1976; Morgan 1995) cannot
be completely discounted.

The mosaic nature of genetic structure in Indonesian sto-
matopods is also seen in the geographic distribution of ge-
netic endemics. Distinct mtDNA haplotypes or clades often
occur in just one or two collection localities. Sometimes these
haplotypes are just a few base pairs different from haplotypes
elsewhere, for example in the Togian Islands (location 26,
Fig. 1) in Sulawesi (see Barber et al. 2002b). Similarly, a
distinct group of haplotypes in H. pulchella was found only
at Yapen in West Papua (location 34, Fig. 1; red haplotypes
in Figs. 3 and 4). In contrast, a highly divergent clade of G.
viridis haplotypes was found in only a few disjunct locations
but over a wide geographic area. Individuals with blue clade
haplotypes were found near Bali and over 1000 km away on
Banda and Kalimantan (locations 3, 13, 18, and 30, Fig. 1;
dark blue haplotype in Figs. 3 and 4), yet no representatives
of this clade were found in the numerous intervening pop-
ulations.

Private haplotypes are common in populations that disperse
poorly. In marine species, however, such haplotypes tend to
be young ones because, in general, older haplotypes have had
the opportunity for long-distance dispersal and tend to be
widespread (Palumbi 1997). The occurrence of old private
haplotypes in Indonesian stomatopods suggests a long history
of restricted gene flow, or a metapopulation structure in which
occasional long-distance gene flow and habitat colonization
is followed by local population retention and periodic ex-
tinction.

In some cases, metapopulation models can also help ex-
plain the high FST values seen here and in other high dispersal
marine species (for review see Hellberg et al. 2002). When
colonization of a new habitat occurs from a small subsample
of adjacent habitats, then extinction and recolonization events
increase FST dramatically (the propagule-pool model of Slat-
kin 1977). In contrast, if recolonization derives from im-
migrants from the whole metapopulation (the migrant-pool
model), extinction and recolonization decreases FST (Slatkin
1977; Wakeley 2000). For stomatopods, genetic data from
recolonization of the reefs of Krakatau show that adjacent
populations may have contributed more heavily to the col-
onists (Barber et al. 2002a), supporting the propagule-pool
model for these species.

The impact of metapopulation dynamics on marine genetic
diversity is only likely to be seen in cases where extinction
rate per population per generation is greater than the migra-
tion rate per population per generation (for discussion see
Pannell 2003). Shallow-water reef populations, especially
near rivers, may have a high rate of local extinction from
typhoons and extended periods of either low salinity due to
torrential rains or extreme temperatures from ENSO events.
If so, we might predict lower FST values among ecologically

similar deepwater stomatopods with lower exposure to local
extinction.

Ideally, we would be able to estimate extinction and mi-
gration parameters from the kinds of population genetic data
presented here. However, simulations show that single-locus
genealogical data have low power to detect the dynamics of
metapopulation processes (Pannell 2003), and such calcu-
lations require more extensive multilocus genealogical data.

Taxonomy and Speciation

Levels of genetic diversity were extremely high in all three
taxa, with genetic divergences among clades similar to those
seen in species of alpheid shrimp (Knowlton and Weigt
1998). Although phylogenetic analysis indicated that some
of these lineages were clearly polyphyletic (e.g., G. viridis
clades allied with G. erdmanni), other divergent clades within
monophyletic taxa might be cryptic species based on depth
of genetic divergence. The taxonomic status of these groups,
however, can only be substantiated with thorough, detailed
morphological study and/or genetic analysis of nuclear genes.
Whether these clades are eventually determined to be mor-
phologically distinct species or simply highly divergent con-
specific lineages, the results of this study indicate that present
levels of biodiversity in the IAA—the center of all marine
biodiversity (Myers et al. 2000; Hughes et al. 2002; Roberts
et al. 2002)—may be significantly underestimated (Knowlton
1993). Similar conclusions are drawn from Paulay and Meyer
(2002), Meyer (2003), Williams and Reid (2004), Kirkendale
and Meyer (2004), and Meyer et al. (2005), each of which
show deep regional divergences within individual taxa of a
variety of marine invertebrates throughout the Indo-Pacific,
and from Barber and Boyce (2006) who discovered multiple
new stomatopod taxa through DNA bar coding of stomatopod
larvae.

More importantly, rather that merely indicating multiple
cryptic lineages within these three taxa, the results suggest
a mechanism for the creation of biodiversity in the IAA. All
three taxa demonstrate varied degrees of genetic isolation
across the Eastern and Southern Barriers. In both regions this
isolation ranges from statistically detectable limits to gene
flow within individual clades to nearly reciprocal monophy-
letic phylogeographic regions to putative cryptic species.
Thus, these patterns suggest a progression of regional genetic
diversification, indicating that these barriers to gene flow may
both contribute to the creation of distinct phylogeographic
lineages as well as ultimately drive cladogenesis and the
creation of species diversity, providing a mechanism to sup-
port the center of origin hypothesis.

Particularly instructive is the case of H. pulchella, in which
there is evidence of limited gene flow on multiple levels.
Within populations with black clade haplotypes, there is mod-
erately strong isolation (�ST � 0.161, P � 0.005) between
Northern Indonesia and Sorong across the Eastern Barrier.
Then there is increased isolation between Northern Indonesia/
Sorong (black clade haplotypes) and Yapen (red clade hap-
lotypes), the next sampled population about 400 km to the
east. Although there may be an as yet unidentified process
creating this phylogeographic break along the shores of West-
ern Papua, a likely explanation is that this break arose because
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of isolation across the Eastern Barrier and that there has been
a subsequent breach of this barrier by populations containing
black clade haplotypes leading to the present unity of Western
Papua and Northern Indonesia. This may have occurred from
rare dispersal across the Eastern Barrier or via stepping-
stones across the islands south of the Maluku Sea, as sug-
gested by black clade haplotypes on the island of Obi (Fig.
4A; population 30 in Table 2). On a deeper time scale, such
a process may have also given rise to the blue clade of H.
pulchella in eastern Papua, resulting in a type of founder
speciation seen in peripheral habitats of the Indo-West Pacific
(Meyer et al. 2005).

Similar patterns are seen in populations of all three taxa
that span the Flores Sea. In each species, limited gene flow
within individual clades parallels deeper phylogeographic
breaks that may represent cryptic lineages. Particularly in-
teresting is the contrast between H. pulchella and G. viridis.
Including the deeply divergent black and white clades, results
for H. pulchella indicate that these lineages have been di-
verging for nearly five million years. When the white clade
is excluded, the history of limited genetic exchange is much
more recent (0.37 MYA), a result that closely mirrors di-
vergence of H. pulchella populations that span the Maluku
Sea. In contrast, populations of G. viridis have a history of
divergence across the Flores Sea that dates to 0.81 MYA
when both black and white clades are included and 0.53 MYA
when the divergent white clade is removed. These results
highlight the temporal variability in lineage divergence as
well as show that lineage divergence across the same geo-
graphic area can occur in relatively rapid succession. Simi-
larly, they argue against discrete individual events as their
cause.

Combined, these results suggest a gradual diversification
due to limited gene flow in two regions of Indonesia, and
support the notion of lineage diversification within Indonesia
as predicted by the center of origin hypothesis (Briggs 2000).
Although a center of origin is likely not the only explanation
for high marine biodiversity in the IAA (Barber and Bellwood
2005; Meyer et al. 2005), the patterns seen in stomatopods
appear to support lineage diversification within the Coral
Triangle. By understanding the processes that create biodi-
versity, we can then improve our ability to conserve this
biodiversity through appropriately directed conservation ef-
forts (Moritz 1999; Moritz 2002).

Consequences for Conservation

The connectivity of marine populations is a critical gap in
present scientific knowledge needed for large-scale marine
conservation planning (Palumbi 2004; Sale et al. 2005). Many
tropical marine conservation efforts are presently focused on
the development of networks of marine protected areas
(MPAs) that are connected through demographic exchange
of adults or larvae (e.g., Roberts et al. 2003), implying that
a thorough understanding of patterns of genetic and demo-
graphic connectivity among distant populations is a priority.

However, equally important to understanding connectivity
is identifying regions where connectivity is lacking, as well
as understanding the processes that limit that connectivity.
The data in this study suggest that limited gene flow across

the Maluku and Flores/Java Seas leads to the creation of
pronounced phylogeographic structure, and possibly cryptic
speciation. This limited gene flow likely results from limited
dispersal and connectivity among these geographic regions
through interactions of individual larvae with their physical
environment. Thus, our results suggest the importance of
regional filters to dispersal and gene flow within the IAA,
data that has been used to support current seascape-level
initiatives by defining boundaries of regionally distinct bio-
geographic regions in which to create regional networks of
genetically and ecologically connected MPAs that will both
conserve the rich marine biodiversity of the Indo-West Pacific
(e.g., Green and Mous 2004; MPA News 2004). Furthermore,
the long-term maintenance of biodiversity requires the con-
servation of processes that create this biodiversity (Briggs
2005). Allopatric divergence across the Maluku and Flores
Seas may be one important process generating biodiversity
in the Coral Triangle.

It is not yet clear whether the Eastern and Southern Barriers
in the regions of the Maluku and Flores Seas represent dis-
persal barriers only to stomatopods, or whether these are
broadly acting barriers that may be shaping patterns of in-
traspecific genetic diversity across a wide range of taxa. De-
termination of the overall importance and general applica-
bility of these barriers will require comparisons across a wide
range of codistributed invertebrate and vertebrate taxa, and
should be considered a top priority in the developing marine
conservation strategies for the region.
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Recent speciation in the Indo-West Pacific:
rapid evolution of gamete recognition and sperm
morphology in cryptic species of sea urchin
C. Landry1, L. B. Geyer1†, Y. Arakaki2, T. Uehara3 and Stephen R. Palumbi1*†
1Department of Organismic and Evolutionary Biology, Harvard University, Cambridge, MA 02138, USA
2Department of Tourism, Faculty of International Studies, Meio University, Nago, Okinawa, Japan
3Department of Biology, University of the Ryukyus, Nishihara, Okinawa, Japan

The rich species diversity of the marine Indo-West Pacific (IWP) has been explained largely on the basis
of historical observation of large-scale diversity gradients. Careful study of divergence among closely
related species can reveal important new information about the pace and mechanisms of their formation,
and can illuminate the genesis of biogeographic patterns. Young species inhabiting the IWP include
urchins of the genus Echinometra, which diverged over the past 1–5 Myr. Here, we report the most recent
divergence of two cryptic species of Echinometra inhabiting this region. Mitochondrial cytochrome oxidase
1 (CO1) sequence data show that in Echinometra oblonga, species-level divergence in sperm morphology,
gamete recognition proteins and gamete compatibility arose between central and western Pacific popu-
lations in the past 250 000 years. Divergence in sperm attachment proteins suggests rapid evolution of
the fertilization system. Divergence of sperm morphology may be a common feature of free-spawning
animals, and offers opportunities to simultaneously understand genetic divergence, changes in protein
expression patterns and morphological evolution in traits directly related to reproductive isolation.

Keywords: speciation; bindin; Okinawa

1. INTRODUCTION

The tropical shelf waters of the Indo-West Pacific (IWP)
house a rich species diversity that has its zenith around
the East Indies. Species richness of many taxa increases
from the eastern Pacific and the Indian Ocean towards the
Indonesian Archipelago (reviewed in Briggs 1999;
Bellwood & Hughes 2001). Although previous investi-
gations of the genesis of this diversity emphasized the slow
accumulation of species over long periods of time
(Springer & Williams 1990), recent genetic evidence sug-
gests that many of the reef species in this diverse area are
relatively new, having originated since the beginning of the
Pleistocene (Palumbi 1996; McMillan et al. 1999; Barber
et al. 2002). These recent speciation events provide a lab-
oratory in which to understand the speciation process of
marine taxa, and allow a combination of genetic, morpho-
logical, behavioural and biogeographic data to be used to
answer questions about speciation mechanisms. Among
others, allopatry, peripheral speciation and divergence
after secondary range contact have been proposed as driv-
ers of species diversity in the IWP (Palumbi 1997;
Bellwood & Hughes 2001), but as yet there have been very
few clear reconstructions of speciation history of marine
taxa in this area.

Footprints of species formation are most likely to be
identified when comparing recently diverged species,
initial differentiation of which can be correlated with the
different proposed speciation processes. Molecular tools
have helped to uncover closely related and still diverging

* Author for correspondence (spalumbi@stanford.edu).
† Present address: Department of Biological Sciences, Stanford Univer-
sity, Hopkins Marine Station, Pacific Grove, CA 93950, USA.
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species from a wide variety of taxa and have provided
insight into the mechanisms, pace and geography of mar-
ine speciation (Knowlton 1993; Palumbi 1997; Lessios et
al. 2001). Coupled with information about geological his-
tory of regions, faunistic affiliations of species found in
particular regions, and the oceanic currents that may pro-
vide dispersal corridors, molecular data can greatly help
document the geographic pattern and relative timing of
species formation.

Among the closely related species that help contribute
to the richness of the IWP are the sea urchins of the genus
Echinometra. Pan-tropical sea urchins of the genus Echino-
metra diverged into two different evolutionary lineages
3.3–4.5 Myr ago when the Indo-Pacific (IP) lineage separ-
ated from the one leading to the neotropical species
(McCartney et al. 2000). Since then, the IP species lineage
has undergone several speciation events. Molecular phylo-
genetic analyses, morphological studies and fertilization
experiments have been combined to map the boundaries
of four closely related Echinometra species common
throughout the tropical Pacific (see Mortensen 1943;
Uehara et al. 1986; Matsuoka & Hatanaka 1991; Pal-
umbi & Metz 1991; Metz et al. 1994; Palumbi 1996;
Arakaki et al. 1998a,b).

Among these is Echinometra oblonga, a black species that
occupies reefs from Mauritius in the Indian Ocean to Isla
del Coco in the eastern Pacific (figure 1). Typically, this
species inhabits burrows above the mean low water level,
in microhabitats that are highly exposed to wave action
(Keslo 1970; Nishihira et al. 1991). This habitat prefer-
ence correlates with species-specific physiological adap-
tations providing resistance to extreme conditions such as
high and low temperatures, salinity changes (Arakaki &
Uehara 1991) and strong shearing action of waves on
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Bali

Okinawa

Guam
Hawaii

Papua New Guinea
Isla del Coco

Figure 1. Schematic representation of collecting localities in the Pacific Ocean for Echinometra oblonga populations. Western
Pacific: Bali (Indonesia), Okinawa (Japan) and Papua New Guinea; central Pacific: Guam (US), Hawaii (US) and Isla del
Coco (Costa Rica).

gametes (Mead 1996). This species has been described
from Japan and Hawaii on the basis of monophyletic mito-
chondrial DNA (mtDNA) lineages (Palumbi & Metz
1991), allozyme differences (Matsuoka & Hatanaka
1991), reproductive incompatibility with sister species
(Uehara et al. 1990; Palumbi & Metz 1991; Metz et al.
1994) and large differences in the sperm protein bindin
that attaches sperm to eggs before fertilization (Metz &
Palumbi 1996). This species is among a complex of at
least three other species that occur commonly throughout
the IWP, and have been examined closely for population
structure (Palumbi et al. 1997) and mechanisms of speci-
ation (Palumbi 1999).

Careful analysis of data on E. oblonga from numerous
localities throughout its range has shown marked polymor-
phism. For instance, individuals from Mauritius, Okin-
awa, Bonin, Guam and Hawaii differ slightly, although
not diagnostically, in the number of pore pairs, as well as
the shape of the spicules of the gonads and tube feet
(Arakaki & Uehara 1999). Furthermore, these character-
istics are not consistent with each other within E. oblonga:
some characteristics cluster populations of Okinawa and
Hawaii together and Indonesia and Guam together,
whereas others differentiate the Hawaiian population from
the rest of the Pacific (Arakaki & Uehara 1999). Another
difference across the Pacific is sperm morphology: western
Pacific populations have a sperm head that is twice as long
as those from the central Pacific (figure 4; Arakaki &
Uehara 1999). Recently, some central and western Pacific
populations have been shown to be differentiated at
bindin, a sperm–egg recognition protein (Geyer & Pal-
umbi 2003). These results suggest that populations of E.
oblonga may actually represent diverging species that differ
in reproductive characteristics such as bindin sequence
and sperm morphology. However, genetics, sperm mor-
phology and gamete attachment features have never been
examined in the same suite of populations, making delin-
eation of biogeographic boundaries for these potential
species difficult, and obscuring potential insights into the
process of speciation.

In this study, our aims are to characterize populations
of E. oblonga for two genetic loci and for sperm mor-
phology to test if the differences observed reflect the
reproductive isolation of these populations and to discuss

Proc. R. Soc. Lond. B (2003)

the history and the geography of this diversification. We
investigate the phylogenetic relationship among E. oblonga
populations from the western and central Pacific and com-
pare genetic data with morphological differences. Because
of their large population size and their recent divergence,
Echinometra species are expected to be monophyletic at
very few of their loci. However, mitochondrial genomes
are expected to drift faster than nuclear genes and are then
expected to show a signal of differentiation earlier in the
speciation process (Palumbi et al. 2001). Previous work
on mitochondrial sequences provided only slight evidence
of genetic separation between E. oblonga populations
based on the segregation of a single polymorphic site
(Palumbi et al. 1997). Here, we increase the sequence
length to provide more resolving power, and include
additional populations that have been investigated for
both sperm and bindin features. To put mtDNA diversity
data within species into a larger perspective, we also
include in our analysis other closely related species found
in the IP (E. mathaei, E. sp. C and E. sp. A) and a sister
species endemic to Easter Island (E. insularis). Echinometra
vanbrunti, a congeneric species found in the eastern Pacific
is used as an outgroup.

2. METHODS

Populations of E. oblonga were sampled from Isla del Coco
(n = 2), Hawaii (n = 5), Guam (n = 5), Okinawa (n = 11), Bali
(n = 11) and Papua New Guinea (n = 3). We included 15 samples
of E. mathaei, three of E. sp. A, 14 of E. sp. C and 10 of E.
insularis. DNA was extracted from tube feet, gonad or spine mus-
cle tissue by proteinase K digestion and phenol/chloroform
extraction, or by using NucleoSpin columns (BD, Biosciences,
Clonetech).

Two overlapping fragments of the cytochrome oxidase 1
(CO1) gene corresponding to the interval between sites 5851 to
7013 of Strongylocentrotus purpuratusmitochondrial genome were
sequenced for each individual. Samples corresponded in part to
the samples analysed for bindin by Geyer & Palumbi (2003).
The 3� fragment was amplified and sequenced by using primers
CO1f and CO1d according to Palumbi et al. (1997). The 5�

fragment was obtained by using primers LCO1490 and
HCO2198 (Folmer et al. 1994) by using the same chemistry and
the following cycles: 94 °C 30 s; 50 °C 45 s; and 72 °C 1 min,
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Figure 2. Rooted NJ tree of CO1 sequences (K2 distance). Bootstraps were carried out by resampling all nucleotide positions
1000 times. The first one or two first letters of the sample names represent the sampling locality. (F, Fiji; OK, Okinawa; NG,
Papua New Guinea; B, Bali; H, Hawaii; Co, Isla del Coco; M, Midway, Hawaii; N, Nieu; EJN, Japan; INS, Easter Island).
Sperm morphologies are schematized and lengths (micrometres) are from Arakaki et al. (1998b) and Arakaki & Uehara
(1999).

and a final elongation of 5 min at 72 °C. Including the primers,
the two fragments overlap by 66 bp. Polymerase chain reaction
(PCR) products were prepared for sequencing by using Exonu-
clease I and shrimp alkaline phosphatase digestion and were
then sequenced on a 3100 ABI automated sequencer (Applied
Biosystems, CA, USA). Sequences were aligned by hand.
Within-species and among-species polymorphisms of CO1
sequences were estimated by using Mega (Kumar et al. 2001).
The net average distance corresponds to the average distance
minus the average within-species polymorphism. The phylogen-
etic relationship of the samples was drawn by using the
neighbour-joining (NJ) algorithm from PAUP v. 4.0
(Swofford 2001).

Bindin alleles were amplified, cloned and sequenced as pre-
viously described (Palumbi 1999; Geyer & Palumbi 2003) from
individuals collected in Okinawa (n = 4), Bali (n = 14), Guam
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(n = 6), Hawaii (n = 11) and Niue (n = 8). A total of three to five
clones from each individual were sequenced. When two alleles
were encountered, both were included in the analysis. Other-
wise, a single allele was analysed from each individual.

3. RESULTS

A portion of the mitochondrial CO1 gene correspond-
ing to bases 5851 to ca. 6550 of the S. purpuratus complete
mitochondrial genome was obtained for 79 individuals of
five putative IWP species of Echinometra (GenBank
accession numbers AY262861–AY262940). When added
to sequences already available for these individuals, our
dataset comprises 1164 bp of the CO1 gene.

Most of the substitutions within Echinometra are at
silent sites in this coding sequence, and the
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Table 1. Between-species average K2 distance (below the diagonal) at all sites (pairwise deletion) and net average distance (above
the diagonal). Average intraspecific nucleotide diversity (π) is shown on the diagonal (in italics).

1 2 3 4 5 6 7

Echinometra oblonga western Pacific 0.004 0.009 0.033 0.027 0.022 0.034 0.132
E. oblonga central Pacific 0.013 0.003 0.034 0.027 0.019 0.036 0.133
E. sp. C 0.039 0.039 0.007 0.030 0.030 0.015 0.127
E. sp. A 0.040 0.040 0.046 0.021 0.021 0.029 0.127
E. mathaei 0.027 0.024 0.037 0.034 0.006 0.030 0.126
E. insularis 0.037 0.038 0.019 0.040 0.034 0.002 0.129
E. vanbrunti 0.135 0.134 0.131 0.138 0.129 0.130 0

transition/transversion ratio is about 11 : 1. We observed
two amino acid changes in two sequences. Phylogenetic
analysis of mtDNA sequences from 80 individuals
revealed five major clades (figure 2) defined by high boots-
trap values (90–100%). Four of these clades correspond
to the four currently recognized IP species of Echinometra
(Palumbi 1996). The clade including E. oblonga shows
two additional, well-defined sub-clades, corresponding to
E. oblonga from the central Pacific (Hawaii, Isla del Coco
and Guam) and those from western Pacific populations
(Indonesia, Okinawa and Papua New Guinea). These two
clades are differentiated by seven fixed transition substi-
tutions. The same organization among clades was
obtained by using a parsimony analysis (C. Landry,
unpublished data).

Using E. vanbrunti as an outgroup (McCartney et al.
2000), the IP Echinometra fall into two multi-species
clades. One contains E. sp. C, a species found among few
Pacific island archipelagoes (Palumbi 1996), and E. insu-
laris, which is endemic to Easter Island. The other clades
contain the widely distributed E. mathaei, E. oblonga and
E. sp. A. Bootstrap support for the branching order of
these three species is poor, but data from both mor-
phology and bindin sequences suggest a sister-species
relationship between E. mathaei and E. sp. A. Within this
cluster, the two clades of E. oblonga are derived sister taxa
(figure 2).

Average K2 parameter distance (where K2 is the silent
rate at twofold degenerate nucleotide positions; Kumar et
al. 2001) among IWP Echinometra species considering all
the sites (pairwise deletion) ranges from 1.3% to 4.6%,
which is very similar to the distances measured using only
the CO1f-a gene fragment (Palumbi 1996; McCartney et
al. 2000). Mean K2 parameter distances to the eastern
Pacific E. vanbrunti vary between 12.9% and 13.8%,
which is slightly higher than was calculated by McCartney
et al. (2000) for the smaller gene segment. Variation
within species ranges from 0.2% to 2.1% for these samples
(table 1).

The average genetic distance between the two groups
of E. oblonga (1.3%; net distance: 0.9%) is low compared
with the 4.0–4.8% difference between E. sp. A, E. sp. C
and E. insularis, but is comparable to the distance between
E. sp. C and the endemic E. insularis (1.9%). Under the
assumption of constant rates of CO1 evolution, it is poss-
ible to use divergence data between mitochondrial
sequences to estimate the time of the split between E.
oblonga clades. Using the average sequence divergence at
CO1 between species of Echinometra found on both sides
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of the Isthmus of Panama, McCartney et al. (2000)
derived an estimate of 3.49% Kimura-corrected sequence
divergence per million years, with a range that spans 24%
of this mean. Using this rate, we estimated a divergence
time between the two types of E. oblonga (net K 2 = 0.9%,
s.e.m. 0.5%) of ca. 250 000 years.

(a) Bindin sequences
Central and western Pacific populations of E. oblonga

are characterized by very divergent bindin alleles. Bindin
sequence diversity among all E. oblonga populations com-
bined is much higher (2.5%, average corrected p-distance)
than in any of the other IP Echinometra species (1.6%, E.
mathaei; 0.9% E. sp. A, 0.8% E. sp. C). Division of the
data into central and western Pacific populations explains
55% of the variation observed. Central Pacific E. oblonga
(Nieu, Guam, Hawaii) have bindin sequences that fall into
three major clades (clades one, two and four; figure 3).
By contrast, bindin from western Pacific E. oblonga
(Indonesia, Okinawa and Papua New Guinea) fall in a
distinct clade separated from the rest by unique insertion
and deletion events, plus amino acid substitutions (clades
three a and three b; figure 3). Clade three alleles are found
almost exclusively in the west Pacific (Bali, Okinawa, New
Guinea). The only exception was a single individual from
Niue which was homozygous for this allele, but carried a
central Pacific CO1 haplotype.

(b) Sperm morphology
Two different morphologies typify sperm from western

and central Pacific populations. The western Pacific type
has a slender sperm head, with a ratio of length over width
of about six, whereas the central Pacific type has a shape
more compact, with a ratio of length over width of about
three (figure 4). The primary difference lies in the tip of
the sperm head and the shape of the nucleus (Arakaki et
al. 1998a,b). Populations of E. oblonga from Okinawa
show the sperm morphology of western Pacific popu-
lations. Populations in Guam and Hawaii both have the
shorter, stouter sperm morphology.

4. DISCUSSION

The species E. oblonga appears to have recently diverged
into two species distinguishable by sequences of mito-
chondrial genes, genes for gamete recognition, and by
sperm morphology. Data from CO1 show that the species
E. oblonga contains two major monophyletic clades that
differ from one another by 0.9% and that divide the
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Figure 3. Divergence of bindin sequences in western and central Pacific populations of Echinometra oblonga. Sequences from
the central Pacific fall into three major clades, all of which differ from the bindins seen in western Pacific populations. The
branch leading to the western Pacific clades shows amino acid substitutions and insertions and deletions in the region of the
protein implicated in functional sperm–egg attachment differences.

tropical Pacific into central and western areas. However,
other sea urchin species in this genus harbour old mito-
chondrial lineages (Palumbi 1996), and so the mere exist-
ence of a significant split between central and western
populations in CO1 does not guarantee species distinc-
tion. Instead, corroborative data are needed from other
loci or organismal features before these data can be used
to confirm species status of central versus western Pacific
populations. Data from three other sources show agree-
ment with this geographic pattern.
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(a) Bindin gene sequences and fertilization
barriers

The genetic differentiation seen in mtDNA is paralleled
by differences at the gamete recognition locus bindin.
Central Pacific populations differ strongly in bindin
sequence from western Pacific populations, including
amino acid and insertion/deletion changes in the protein
coding region. The region of the bindin gene where these
changes occur is the previously identified evolutionary
hotspot where the action of positive diversifying selection
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(a)

(b)

5 µm

Figure 4. Electron micrograph of sperm of Echinometra
oblonga from (a) Guam and (b) Okinawa showing the
difference in sperm length and shape.

has been observed (Metz & Palumbi 1996; Palumbi
1999). Bindin is involved in the attachment of the sperm
to the egg, before its entrance into the egg, and initiates
the first steps of fertilization (Vacquier & Moy 1977). This
protein has been shown to influence fertilization success
within species and has been proposed to participate in
reproductive isolation among species (Metz et al. 1994;
Palumbi 1999). As a result, these bindin gene changes are
likely to have functional significance and could change
egg–sperm attachment properties.

In fact, a reproductive barrier was suggested by recently
reported cross-fertilization experiments between E.
oblonga from Okinawa versus Guam and Okinawa versus
Hawaii. Fertilization rates were high in control crosses,
but were near zero for crosses between central and western
populations (Arakaki 2000). Experiments with Indonesian
or Papua New Guinean individuals have not been perfor-
med, and more extensive cross-fertilization work between
populations should be completed. However, within-spec-
ies and between-species variation in fertilization success
owing to bindin differences has been demonstrated in
other Echinometra species (Palumbi 1999) and as the west-
ern and central Pacific do not share bindin alleles, the
same mechanism could explain the fertilization differences
between E. oblonga populations.

(b) Sperm morphology
Sperm morphology among most species of Echinometra

is highly conserved, with sperm heads about twice as long
as wide, and central Pacific E. oblonga (Hawaii and Guam)
have a typical Echinometra sperm shape (figures 2 and 4).
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In marked contrast, spermatozoa of western Pacific popu-
lations (Okinawa, Indonesia and Mauritius) have a long
anterior process, and are up to six times longer than they
are wide (figure 4; Arakaki & Uehara 1989; Arakaki
2000). As with other mass-spawning invertebrates, sea
urchins are known to have little premating behaviour or
communication (e.g. Lamare & Stewart 1998). Especially
when habitats and spawning seasons may overlap such as
in Echinometra (Arakaki & Uehara 1991), gametic incom-
patibility is likely to be an important prezygotic mech-
anism of isolation (Palumbi 1992). Accordingly, the
properties of sperm and eggs may often diverge during
species formation, or function as the most proximal
characteristics, ensuring the integrity of the species bound-
aries after secondary contact following allopatric diver-
gence (Geyer & Palumbi 2003).

Sperm size in sea urchins can be polymorphic among
populations within species (as in S. droebachiensis; C. Bier-
mann, personal communication) but variation in length
more than twofold usually represents differences among
species (Chia et al. 1975; Amy 1983; Raff et al. 1990). In
the present case, the two divergent sperm morphologies
occur across the same geographical boundaries as genetic
differences in mtDNA and bindin, and have not been
reported to be polymorphic within populations (Arakaki
2000). The unique sperm morphology of the western
Pacific E. oblonga suggests that this population exhibits a
derived state that evolved in this region.

(c) Gamete divergence and sympatry
These concordant results of mtDNA differences, bindin

sequence divergence, sperm morphology and fertilization
suggest that the two populations of E. oblonga in the cen-
tral and western Pacific have diverged into two sibling
species. Although they each deserve a species name, the
origin of the E. oblonga type specimen is not clearly known
and therefore attributing a new species name to either the
central or western Pacific populations will require more
investigation.

The state of the genetic and morphological traits of the
western Pacific E. oblonga suggests that it is the derived
species. Factors driving the divergence of western Pacific
E. oblonga are as yet unclear. However, the occurrence of
slender sperm morphology and bindin sequence differ-
ences are correlated with the presence of E. sp. C, a spec-
ies that generally occupies similar habitats on the western
Pacific reefs (Nishihira et al. 1991; Uehara et al. 1996;
Geyer & Palumbi 2003). This pattern is clearest in Guam.
Guam is closer to Okinawa than Hawaii (ca. 2200 km ver-
sus ca. 7500 km), and shares many marine species (such
as acroporid corals) with Okinawa and the rest of the IP
that are absent in Hawaii. Even the echinometrid E. sp.
A is shared between Guam and Okinawa, but is absent in
Hawaii. On this basis, the black urchin in Guam was
expected to be the western Pacific E. oblonga, but genetic
and sperm traits consistently place it within the central
Pacific E. oblonga. Despite the overall biogeographic simi-
larity of Guam and Okinawa, Guam and Hawaii also share
at least one biogeographic feature: they both lack E. sp. C.

When they co-occur, E. oblonga has been reported to
occupy stronger wave action areas than E. sp. C
(Arakaki & Uehara 1991). The derived sperm morphology
might then be an adaptation to this habitat of higher wave
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action. This hypothesis is supported by the similar elon-
gated sperm morphology encountered in Colobocentrotus
mertensii (Arakaki & Uehara 1989), another member of
the family Echinometridae inhabiting high wave-action
areas. It is also interesting that the sperm head of
Okinawan Echinometra species increases in length in the
order of E. sp. A � E. mathaei � E. sp. C � western
Pacific E. oblonga but decreases in width in the same
order, which correlates with the relative exposure of these
species to wave action (Nishihira et al. 1991; Arakaki et al.
1998a,b; Mita et al. 2002). Longer sperm may not directly
perform better in higher wave action but could be better
at fertilizing bigger eggs, as proposed by Raff et al. (1990),
which in turn could be better and more resistant in higher
wave action. Data on egg size have not been reported for
all the species but E. sp. A has been reported to have a
smaller egg diameter than E. sp. C, which has a smaller
egg diameter than western Pacific E. oblonga
(66.9 ± 1.3 µm versus 71.8 ± 1.4 µm versus 74.0 ± 0.9
µm) (Aslan et al. 1999; Rahman et al. 2001).

(d) Speciation in Echinometra
Along with previous reports, our results allow us to pro-

pose a history of this recent speciation event. Based on
the derived genetic state of western Pacific E. oblonga,
combined with derived sperm type, it appears that E.
oblonga evolved in allopatry in the central Pacific, diverg-
ing from an ancestral stock common in the western Pacific
within the past 0.5–1.0 Myr. Echinometra oblonga sub-
sequently reinvaded the western Pacific, where it encoun-
tered the ancestral species E. sp. C, causing rapid changes
in sperm morphology and gamete binding proteins. These
changes resulted in gametic differences and reproductive
barriers between E. oblonga currently found in the central
Pacific and the new species in the western Pacific. Mol-
ecular clock estimates of divergence suggest that this rein-
vasion and speciation has taken place within the past
250 000 years.

(e) Sperm and speciation
Sex and speciation have been bound intimately in the

definition of the biological species concept. Evidence is
now accumulating that sexual selection might be acting
when species are diverging and that within-species sexual
selection may drive the development of reproductive iso-
lation (reviewed in Panhuis et al. (2001)). Furthermore,
there is ample evidence that sex-related genes are evolving
quickly in a broad range of organisms (e.g. Drosophila,
Civetta & Singh 1995; Chlamydomonas, Ferris et al. 1997;
primates, Wyckoff et al. 2000; Arabidopsis, Mayfield et al.
2001; and marine invertebrates, Metz & Palumbi 1996).
These rapidly changing genes may be correlated with the
rapid evolution of genitalia and gamete morphology
reported in many species. Some evidence suggests that
sperm and reproductive organs are indeed rapidly evolv-
ing. For instance, in insects, genitalia are often the first
morphological characters to change, which is why they are
often used in systematics for the differentiation of closely
related species (reviewed in Shapiro & Porter 1989).
Sperm shape is also known to be rapidly evolving (e.g.
Joly et al. 1991). In many species, sperm size has been
shown to be related to male fitness (see, for example,
Radwan 1996) and to respond to selection (e.g.
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Gomendio & Roldan 1991; LaMunyon & Ward 2002).
Spermatozoa in broadcast spawners are simultaneously
both gametes and unicellular genitalia and therefore are
expected to evolve quickly as well. Direct attempts to test
this hypothesis have seldom been done but indirect evi-
dence suggests that sperm may be coevolving with egg size
(Raff et al. 1990; Levitan 1996; Levintan & Irvine 2001).
Other evidence of rapid evolution comes from the phylo-
genetic analysis of sperm characteristics, which often sug-
gests rampant secondary loss or reappearance of sperm
structures (Rouse 1999; Koufopanou et al. 1999; Keys &
Healy 2000). Further work is needed to clarify the role of
sperm morphology in speciation and how quickly these
traits change evolutionarily. This approach may make it
possible to investigate the role of specific genes in the evol-
ution of sperm morphology, and thereby elucidate some
of the genetic mechanisms by which species evolve.
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Many species of coral reef fishes are distinguished by their colour patterns, but genetic studies have
shown these are not always good predictors of genetic isolation and species boundaries. The genus
Amphiprion comprises several species that have very similar colouration. Additionally, morphological
characters are so variable, that sibling species can show a considerable overlap, making it difficult to dif-
ferentiate them. In this study, we investigated the species boundaries between the sibling species pair A.
ocellaris and A. percula (Subgenus Actinicola) and three closely related species of the subgenus Phalerebus
(A. akallopisos, A. perideraion, A. sandaracinos) by phylogenetic analysis of mitochondrial cytochrome b
and control region sequences. These two subgenera show strong differences in their patterns of species
boundaries. Within the A. ocellaris/A. percula complex, five clades were found representing different geo-
graphic regions. Two major divergences both with genetic distances of 4–7% in cty b and 17–19% in the
d-loop region indicate the presence of three instead of two deep evolutionary lineages. The species of the
subgenus Phalerebus show three monophyletic clades, independent of the geographical location of origin,
but concordant to the morphological species classification. The genetic distances between the Phalerebus
species were 2–5% in cty b and 10–12% in the control region.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

The Indo-Malay Archipelago, also called the ‘‘coral triangle”,
contains the world’s richest marine shallow water biodiversity
(Briggs, 2005; Allen and Werner, 2002) and is therefore a well-sui-
ted region to study divergence and speciation processes. If the high
diversity in this area is caused by an overlap of the Pacific and In-
dian Ocean faunas (Woodland, 1983), or the result of an accumula-
tion of species that evolved at the periphery (Jokiel and Martinelli,
1992), or if it is actually the ‘‘center of origin” where species evolve
(Briggs, 2000, 2005) is discussed controversially.

In the genus Amphiprion, the latter theory was supported by
Santini and Polacco (2006), who found the ‘‘center of origin” in
an area reaching from the Philippines to the Great Barrier Reef
and from Sumatra to Melanesia, which does not exclude speciation
in peripheral remote areas (e.g. A. tricinctus, Marshall Islands ende-
mic). Furthermore, a rather recent radiation was indicated in the
Indian Ocean, because derived and endemic species are dominant
(Santini and Polacco, 2006).

In order to evaluate biodiversity correctly it is important to clar-
ify species boundaries, integrities, and phylogenetic relationships
(Frankham et al., 2002). Many species of coral reef fishes are
ll rights reserved.
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distinguished by their colour patterns, but genetic studies have
shown that these are not always sufficient indicators of genetic iso-
lation and species boundaries (Bernardi et al., 2002). The genus
Amphiprion comprises several species with very similar colour-
ation. Additionally, morphological characters are so variable, that
sibling species can show a considerable overlap, making it difficult
to differentiate them.

There are closely related species that only show slight differ-
ences in their colour pattern in the subgenus Phalerebus (Allen,
1991), such as A. akallopisos and A. sandaracinos. A. akallopisos has
a white caudal fin and an orange to pinkish body colour, whereas
A. sandaracinos has an orange caudal fin and its body colour is usu-
ally clearly orange. The white stripe on the back is supposed to be
slightly longer in A. sandaracinos, spanning from the upper lip to
the caudal peduncle, whereas in A. akallopisos it begins more on
the forehead. However, this character seems to vary especially in
the latter species. Regarding our observations, the white stripe
often started also at the upper lip in A. akallopisos, so it is an over-
lapping and therefore rather weak character for distinguishing
these two species. A more stable character separating the two spe-
cies is the differently shaped teeth, indicating slightly different
ecological adaptations (Fautin and Allen, 1994). A. perideraion has
a similar body colour like A. akallopisos, but shows an additional
white stripe between head and trunk. A. perideraion and A. sanda-
racinos show a sympatric distribution with the latter having a more
restricted range and higher host specificity, accepting only two
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anemone species (Heteractis crispa and Stichodactyla mertensii)
instead of four (Heteractis crispa, H. magnifica, Stichodactyla gigan-
tea, and Macrodactyla doreensis) in A. perideraion (Fautin and Allen,
1994). A. akallopisos has a parapatric distribution with the former
two species, overlapping around the upper Sunda Islands and is
also associated with only two anemone species (Heteractis magni-
fica and Stichodactyla mertensii; Fautin and Allen, 1994; Fig. 1a).

The sibling species A. ocellaris and A. percula show more or less
the same colour pattern, although A. percula is described to have
larger black bands in its colouration (Fautin and Allen, 1994),
which could not be confirmed by our observations. There is rather
a large variation: some specimens showing no black bands in their
colouration while others do. Morphologically, these two species
are differentiated by the number of spines in the dorsal fin, but also
this character is overlapping: A. ocellaris has 10–11 and A. percula
9–10 spines. The ecological requirements of both species seem to
be identical; both of them prefer the same host anemone species
(Heteractis magnifica and Stichodactyla gigantea). Regarding Fautin
and Allen (1994) these siblings have an allopatric distribution
(Fig. 1b), but Kuiter and Tonozuka (2004) reported both species
in the Tomini Bay (Sulawesi), which indicates a parapatric
distribution.
Fig. 1. (a) Distribution patterns and sample sites of the species Amphiprion akallopisos (da
in the Indo-Malay Archipelago (Fautin and Allen 1994). Names of the main ocean basin
Amphiprion ocellaris (grey, stars) and A. percula (dark grey, circles) in the Indo-Malay A
Godfrey, 1996).

Table 1
Number of sampled individuals from 5 species of the genus Amphiprion, abbreviations use
Indo-Malay Archipelago

Species Location Abbr. No. CR Acces

A. ocellaris Spermonde, Sulawesi AoSp 5 AM74
Banggi Islands, North Borneo AoBI 5 AM74
Kota Kinabalu, Northwest Borneo AoKK 6 AM94
Sangalaki, Northeast Borneo AoSa 6 AM94
Padang, Sumatra AoPa 6 AM74

A. percula Tomini Bay, Sulawesi AperTI 9 AM74
Biak, New Guinea AperBk 10 AM74
New Britain, New Guinea AperNB 4 AM74
Solomon Islands(Genebank) AperSolo 1 DQ34

A. akallopisos Padang, Sumatra AaPa 5 AM74
Karimun Jawa, Jawa Sea AaKa 5 AM74

A. perideraion Manado, Sulawesi ApMa 5 AM74
Karimun Jawa, Jawa Sea ApKa 5 AM74

A. sandaracinos Manado, Sulawesi AsMa 5 AM74
Kupang, Timor AsKu 5 AM74

The sequence from the Solomon Islands was obtained from Genebank. CR, control regio
The high morphological similarity of the above mentioned spe-
cies raises the question whether these species form distinct genetic
clades within the subgenera. Additionally, their similar biology
could lead to similar species boundaries patterns.

This study aims to reveal (1) species boundaries within the ane-
monefish genus Amphiprion in the Indo-Malay Archipelago, and (2)
speciation processes in the hotspot of marine shallow water
biodiversity.
2. Materials and methods

2.1. Sampling

A total of 86 tissue samples of five coral reef associated fish
species of the genus Amphiprion were collected at different loca-
tions in the Indo-Malay Archipelago (Table 1 and Fig. 1). The
fishes were caught with two aquarium nets. A fin clip from
the caudal fin was taken and the fishes were released into their
host anemones. It was therefore possible to obtain tissue sam-
ples without killing the animals. The samples were stored in
96% ethanol.
rk grey, circles), A. perideraion (grey, stars) and A. sandaracinos (light grey, diamonds)
s and islands are added. (b) Distribution patterns and sample sites of the species

rchipelago (Fautin and Allen 1994). Dominant currents are added (simplified after

d (Abbr.), accession numbers (EMBL), and the corresponding sample locations in the

sion No. CR No. cyt b Accession No. cyt b

7125–AM747129 AM941135–AM941137 3 AM942669–AM942671
7144–AM747148 -
1144–AM941149 6 AM942678–AM942683
1138–AM941143 6 AM942672–AM942677
7139–AM747143 AM941150–AM941152 6 AM942684–AM942689

7130–AM747138 AM941155–AM941156 9 AM942690–AM942695
7149–AM747157 AM941153–AM941154 6 AM942696–AM942701
5732–AM745734 4 AM942702–AM942705
3939 1 DQ343958

7158–AM747162 2 AM942706–AM942707
7163–AM747167 3 AM942708–AM942710

7168–AM747171 3 AM942711–AM942713
7172–AM747174 3 AM942714–AM942716

7175–AM747178 3 AM942717–AM942719
7179–AM747183 2 AM942720–AM942721

n; cyt b, cytochrome b.
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Thirty-two samples of A. ocellaris were obtained from five dif-
ferent locations over a range of 1500 km. The sibling species A. per-
cula was collected in Biak (New Guinea; 10 samples) and from New
Britain (New Guinea; 4 samples). An additional number of 9 tissue
samples have been collected from depths between 1 and 25 m
from the Togian Islands (Tomini Bay, Sulawesi). Since A. ocellaris
is distributed across the Indo-Malay Archipelago (Fautin and Allen,
1994), with its eastern border of distribution around the Molucca
Islands and the most western tip of New Guinea, the samples from
the Togian Islands have been classified as A. ocellaris. One sequence
of A. percula from Solomon Islands was added for each marker from
genebank (Table 1).

Within the subgenus Phalerebus, 10 specimens from two loca-
tions in the Indo-Malay Archipelago were analysed for each of
the species A. akallopisos, A. sandaracinos, and A. perideraion.

As outgroup for the phylogenetic analyses Chromis viridis was
used, which is a member of the same family (Pomacentridae).

2.2. DNA extraction and amplification

Genomic DNA was extracted with filter column based
extraction kits from Qiagen and Macherey–Nagel, following the
manufacturers’ protocols.

A fragment with a maximum length of 420 bp of the mitochon-
drial control region (CR) was amplified by PCR with the primers
CR-A (TTC CAC CTC TAA CTC CCA AAG CTA G) and CR-E (CCT
GAA GTA GGA ACC AGA TG) (Lee et al., 1995). PCR was performed
in a Perkin Elmer and Eppendorf Ep S Mastercycler with the follow-
ing thermo-profile: 95 �C for 2 min, followed by 35 cycles of 95 �C
for 30 s, 50 �C for 30 s and 72 �C for 60 s. The Terminal elongation
was at 72 �C for 2 min. 25 ll reactions contained 2.5 ll 10� PCR
buffer, 0.075 lmol Mg2+, 0.25 lmol dNTP mix, 10 pmol of each pri-
mer and 0.5 U Taq polymerase. Between 10 and 30 ng genomic
DNA was used of each sample as template.

For a subset of samples of each species cytochrome b (cyt b)
sequences were obtained (Table 1). This fragment of the mitochon-
drial genome is suitable for resolving phylogenetic patterns on
intraspecific (Nelson et al., 2000) to intrageneric level (Kocher et
al., 1989).

For the amplification of the cyt b fragment of around 400 bp
length, the primers tRNAgluF (AAAACCACCGTTGTTATTCAACTACA;
Nelson et al., 2000) and H15149 (AAACTGCAGCCCCTCAGAATGA
TATTTGTCCTCA; Kocher et al., 1989) were used. PCR was per-
formed in Eppendorf Ep Mastercyclers in 25 ll reaction mix, con-
taining 2.5 ll 10� PCR buffer, 0.0625 lmol Mg2+, 0.25 lmol dNTP
mix, 10 pmol of each primer and 0.5 U Taq polymerase. Again
10–30 ng genomic DNA was used of each sample. The thermo-pro-
file was 95 �C for 5 min, 35 cycles of 95 �C for 45 s, 58 �C for 45 s
and 72 �C for 60 s. The final elongation was 72 �C for 5 min.

All PCR products were purified with the QIA-quick PCR Purifica-
tion Kit (Qiagen). Sequencing of both strands was conducted with
the PCR primers using the Big Dye Terminator Cycle Sequencing Kit
(ver. 1.3 and ver. 3.1; Applied Bioscience) according to the manu-
facturer’s recommendations and an ABI 310 and 3100 automated
sequencer.

2.3. Phylogenetic analyses

Both strands were assembled and edited with help of the pro-
gramme Seqman (Ver. 4.05, DNASTAR). Multiple sequence align-
ment was done using Clustal W (Thompson et al., 1994) as
implemented in the software Bioedit (ver. 7.0.0.1, Hall, 1999).

The phylogenetic relationships of species were analysed with all
sequences available for cyt b and a subset of sequences for the CR,
adjusted to the cyt b dataset, by using maximum parsimony (MP),
maximum likelihood (ML) and neighbour joining (NJ) algorithms
with the software Paup* (Ver. 4.0b10; Swofford, 1998). The statis-
tical confidences were evaluated by 1000 non-parametric boot-
strap replicates for NJ and MP analyses and by 100 for ML
analysis. In order to test if the molecular clock will be rejected,
the ML analysis was done with and without molecular clock en-
forced. The Shimodaira–Hasegawa (Goldman et al., 2000; Shimo-
daira and Hasegawa, 1999) and Kishino–Hasegawa (Kishino and
Hasegawa, 1989) tests were used to verify if the topologies of the
two ML trees are significantly different.

Haplotype networks were drawn including the CR sequences of
all samples and cyt b sequences from a subset of samples, based on
the results obtained from Arlequin (Schneider et al., 2000).

The program Modeltest (Ver. 3.06; Posada and Cranall, 1998)
was used to determine the best-fit model of DNA evolution for
the two datasets.

Sequence divergences between individuals were calculated with
Paup* (Swofford, 1998) and the average within and between each
group was given, as well as the genetic distances after correcting
for within population diversity (dA = dXY � (pX + pY)/2, Nei 1987 as ci-
tedinCamptonetal.,2000).Thecorrectedgeneticdistanceswerefur-
ther used for comparison and molecular divergence time
calculations, whereat the latter were done based on a mutation rate
of 6.41% per million years for the CR, estimated in a study on the phy-
logeography of the coral reef fish Pseudochromis fuscus (Messmer
et al., 2005). This species belongs to the same order and the same
CR fragment was used, including a conserved and a hypervariable re-
gion (Alvarado et al., 1995). For cyt b, mutation rates of 1.0–2.8% per
million years were utilised, as assumed for different fish species (Ortí
et al., 1994; Martin and Bermingham, 1998; Perdices et al., 2002;
Chenoweth et al., 2002; Banford et al., 2004; Casey et al., 2004).
3. Results

3.1. Phylogenetic trees

An alignment of 371 base pairs of the CR fragment, containing
55 sequences from five species, was obtained. The alignment in-
cluded several gaps and the Ts/Tv ratio was 1.77. The best-fit mod-
el of evolution for the present dataset was the General Time
Reversible model (GTR; Tavaré, 1986) with a proportion of invari-
able sites of 0.17, and a gamma distribution shape parameter of
1.34.

The 55 sequences of the cyt b fragment resulted in an alignment
of 357 base pair length. The sequences represent the same species
as the CR sequences. The best-fit model of evolution for the cyt b
dataset was the Total Variation Metric model (TVM; Pond, 2007),
with a proportion of invariable sites of 0.67. The latter model is a
modified GTR model with equal substitution rates for A-G and C-
T (Paraskeris et al., 2004). In the cyt b dataset the Ts/Tv ratio was
2.24. Of the observed 93 substitutions, 94% were at third codon
positions, not changing the aminoacid sequence of the fragment,
whereas 4% were at first and 2% at second codon positions.

These evolutionary models were used for the NJ and ML
analyses.

The phylogenetic analysis of the CR dataset is presented as a NJ
cladogram with bootstrap values of NJ, MP and ML analysis (Fig.
2a), showing a grouping of all species in two main clades, both of
them supported by high bootstrap values.

One clade contained the species A. sandaracinos, A. akallopisos,
and A. perideraion, the other A. ocellaris and A. percula. The species
of the subgenus Phalerebus (Allen, 1991) form monophyletic sub-
clades in all analyses, well supported by bootstrap values between
97% and 100% for the MP and NJ analysis. The ML analysis gave
weaker bootstrap support for many branches. With a low bootstrap
support of 66% only in the NJ analysis A. sandaracinos and A. peri-



Fig. 2. Neighbour-Joining trees of CR (a) and cyt b (b) sequences of anemonefish species from the genus Amphiprion in the Indo-Malay Archipelago. Bootstrap values above
branches are based on 1000 replicates for the NJ/MP analyses and below branches on 100 replicates for the ML analysis. For abbr. see Table 1.
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deraion formed sister clades, and A. akallopisos was basal to them
(Fig. 2a).

The species A. ocellaris and A. percula formed one well-sup-
ported monophyletic clade, in all analyses, with a clear subdivision
into an A. ocellaris and an A. percula sub-clade. The specimens from
Togian Islands (Tomini Bay) were found within the A. percula clade.
This clade showed a subdivision into three branches, correspond-
ing to the geographical regions of Tomini Bay, Biak, and New Brit-
ain. The sequence from the Solomon Islands was included into the
New Britain group. One sample from Biak was as well clearly found
within the New Britain subdivision. A phylogeographic structure
regarding the population from Padang (Indian Ocean) was found
in A. ocellaris (Fig. 2a).

The phylogenetic analyses done for the cyt b dataset is repre-
sented by a NJ tree as well. In this case, the grouping of the A. ocel-
laris and A. percula clades was not resolved in the ML analysis. All
algorithms showed the same major groupings as the CR dataset,
but in the NJ and MP analyses the branch of A. percula from New
Britain and the Solomon Islands was associated to A. ocellaris
instead of A. percula from Tomini Bay and Biak (Fig. 2b). This incon-
sistency was not well supported (Bootstrap values of 54 for NJ and
70 for MP) and not shown in the ML analysis, which did not resolve
the relationships among the A. ocellaris/A. percula species complex.
In the NJ tree one sequence of A. percula from Tomini Bay was
grouped basal to the Biak clade, but this was not supported by
the other algorithms and the other A. percula sequences from Tomi-
ni Bay were not resolved at all. The same sample of A. percula from
Biak which appeared in the A. percula group from New Britain in
the CR dataset was found in the New Britain clade in the cyt b data-
set as well.

3.2. Haplotype networks

The parsimonious haplotype networks of the A. akallopisos/peri-
deraion/sandaracinos complex revealed three clearly separated
clades for both markers (Fig. 3). These clades were concordant to
the morphologically defined species and no geographical pattern
could be observed. For the CR network the numbers of mutational
steps in the A. akallopisos clade were 6–13, and in the A. perideraion
clade 1–21. Two sub-clades, separated by 19 mutations, were pres-
ent in A. sandaracinos. Within these sub-clades the variation was
between one and four steps. The mutational steps between species
pairs were 59 (A. akallopisos–A. perideraion) and 53 (A. perideraion–
A. sandaracinos). In the cyt b network the number of mutational
steps between A. akallopisos and A. perideraion was 10 and between
A. perideraion and A. sandaracinos 5. Within the species clades,
there was one dominant haplotype in each, and one or two other
haplotypes separated by only one or two mutational steps.

The haplotype network of the A. ocellaris/percula species com-
plex based on the CR dataset showed that A. ocellaris is separated
from A. percula collected in Tomini Bay by 80 substitutions (Fig.
4a). The genetic break between A. ocellaris individuals from Padang
and its conspecifics from other sample sites was determined by 31
substitutions. Two to 25 mutational steps separated the haplotypes



Fig. 3. Haplotype networks of (a) CR and (b) cyt b sequences of Amphiprion akallopisos, A. perideraion and A. sandaracinos from different locations in the Indo-Malay
Archipelago. Pattern fillings of circles correspond to the different sample locations and numbers indicate mutational steps. The size of the circles indicate the haplotype
frequencies.
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within each clade of this species. The populations of A. percula in
Tomini Bay and Biak were divided by 41 steps. The sequences of
A. percula from New Britain were strongly separated to those from
Biak by 82 substitutions. Within each population of A. percula we
found 2–26 mutational steps. Especially among haplotypes from
Tomini Bay a high variability could be observed.

The cyt b network showed the same division into five clades
corresponding to geographical regions. The population of Padang
was separated from the other A. ocellaris populations by three
steps. The same separation was revealed between A. percula from
Tomini Bay and Biak. The mutational steps between A. ocellaris
and A. percula from Tomini Bay was with 15 noticeable higher. In
this dataset, the clade of New Britain and Solomon Islands was con-
nected to Tomini Bay, separated by 13 mutations, instead of Biak,
as it was shown in the CR dataset. In both networks, one sequence,
sampled in Biak, was included into the New Britain clade, as shown
in the trees.

3.3. Sequence divergence

The sequence divergences for both markers within and among
clades, as well as the genetic distances between clades after
accounting for the diversity within them are shown in Table 2.

The genetic distances of 6.6% in CR and 1% in cyt b sequences
between A. percula from Tomini Bay and Biak was within the same
range as the distances between A. ocellaris from Padang and other
populations of this species (5.8% and 0.9%, respectively). Most of
these values are between the maximum value within clades of spe-
cies (A. percula; Togian Islands = 6% in CR and 0.4% in cyt b) and the
minimum value among species (A. perideraion–A. sandaracinos,
CR = 10.1% and cyt b = 1.5%) observed in the datasets. The genetic
distances between A. percula from Tomini Bay/Biak and New Brit-
ain/Solomon Islands were 16.7–18% in CR and 3.8–5% in cyt b
sequences. In comparison, the genetic differences in the
A. akallopisos/sandaracinos/perideraion complex did not exceed
12.3% in CR and 4.8% in cyt b (Table 2).

3.4. Molecular clock

The Shimodaira–Hasegawa and Kishino–Hasegawa tests, con-
ducted to compare the ML trees reconstructed with and without
the molecular clock enforced, showed no significant difference
for both markers (CR: p = 0.288 and p = 0.715, respectively; cyt b:
p = 0.238 and p = 0.847, respectively). Therefore, the molecular
clock was not rejected and the separation among the species’
ancestors could be estimated. With the used mutation rate of
6.41% per million years for the CR, the genetic distance of 11.1%
could be translated to approx. 1.7 million years divergence time
between A. akallopisos and A. perideraion. This time frame fits into
the divergence range assumed for the cyt b fragment (1.1–3.1 mil-
lion years ago), comprising the geological border between Pliocene
and Pleistocene (Table 3). The genetic distance of 12.3% between A.
akallopisos and A. sandaracinos of the CR was translated to 1.9 mil-
lion years and therefore revealed a slightly longer separation time
between these species. The divergence range calculated for the cyt
b fragment dated the split between A. akallopisos and A. sandarac-
inos as well into the Pleistocene - Pliocene border (1.7–4.8 million
years ago). A. sandaracinos and A. perideraion revealed, with 1.6
million years for the CR and a range of 0.5–1.5 million years for
cyt b, a more recent split in the Pleistocene (Table 3).

The genetic distances between the sibling species A. percula and
A. ocellaris were between 16.6–18.5% in CR and 4.8–7.2% in cyt b,
which indicated that the split between them is approx. 1.7–7.2
(2.6–2.9 for CR) million years old. The divergence time between
the Indian Ocean clade of A. ocellaris and the other populations
within the Indo-Malay Archipelago reaches back 300,000 to
900,000 years (900,000 years for CR). This is similar to the separa-
tion of the populations of A. percula from Tomini Bay and Biak,
which is 400,000 years to 1 million years old (1 million years in
CR). The divergence between Biak/Tomini Bay and New Britain/Sol-
omon Islands is 1.4–5 million years old (2.6–2.8 million years in
CR), similar to the split between A. ocellaris and A. percula (Table 3).

4. Discussion

Molecular phylogenetic analyses of closely related species pro-
vide insights into their relationships, allowing us to verify their
morphological taxonomic classification. Sometimes, such studies
indicate that the previously assumed classification is wrong or
not sufficient. This was the case in a study on the Dascyllus trima-
culatus species complex (Bernardi et al., 2001), in which the
authors revealed inconsistence between morphological and col-
ouration traits, as well as their molecular phylogenetic relation-
ships. In contrast to that, research on coral reef fishes of the
genus Thalassoma (Costagliola et al., 2004) confirmed the morpho-
logical species definition, even though the colouration pattern



Fig. 4. Haplotype networks of (a) CR and (b) cyt b sequences of Amphiprion ocellaris and A. percula from different locations in the Indo-Malay Archipelago. Numbers indicate
mutational steps. The size of the circles indicate the haplotype frequencies.
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observed in that group of fishes questioned this. Additionally, such
studies can provide insides into divergence and speciation pro-
cesses, as well as geographic locations of these events.

Different mutation rates for the mitochondrial control region in
fish have been estimated, ranging from 2–6.41% per million years
(Faber and Stepien, 1998; Campton et al., 2000; Donaldson and
Wilson, 1999; Waters et al., 2001; Messmer et al., 2005). In this
study, we used a mutation rate of 6.41%, because it was obtained
for the same CR fragment. The other studies used different frag-
ments or the complete CR, resulting in lower mutation rates. The
mutation rate for the cyt b region varies widely in literature, but
for teleost fish species rates between 1.0% and 2.8% per million
years were found (Ortí et al., 1994; Martin and Bermingham,
1998; Perdices et al., 2002; Chenoweth et al., 2002; Banford et
al., 2004; Casey et al., 2004). CR divergence times were within
the ranges calculated for cyt b. It shows a consistency for the diver-
gence times calculations between the results of the two markers.
4.1. Amphiprion akallopisos/perideraion/sanderacinos species complex

The definition by morphological characters and colouration pat-
tern of A. akallopisos, A. perideraion, and A. sandaracinos was sup-
ported by the molecular phylogenetic analysis in this study.
Additionally, the comparably low sequence divergences in this
group confirmed the close relatedness of these species.

Based on the colouration pattern, it was expected that A. akal-
lopisos and A. sandaracinos are sister species, but A. sandaracinos
and A. perideraion were observed to be more closely related in
the phylogenetic trees as well as in the haplotype networks. This
confirms the findings of another study on the molecular phylogeny
of anemonefishes (Santini and Polacco, 2006). The authors of this
study assume that the main characters of the A. akallopisos/perider-
aion/sandaracinos species complex (orange-pinkish colouration
with a white band on the back, a slender body with a rounded cau-
dal fin) evolved before the radiation into different species.



Table 2
Sequence divergences (calculated with Paup*) of (a) CR (considering the GTR model)
and (b) cyt b sequences (considering the TVM model) between (below diagonal),
within taxa (diagonal), and genetic distances between taxa after accounting for
diversities within them (bold, above diagonal), of the genus Amphiprion (Ao = pooled
sequences of A. ocellaris from Borneo and Sulawesi, Aa = all sequences of A. akallopisos,
Ap = all sequences of A. perideraion, As = all sequences of A. sandaracinos) from
different locations in the Indo-Malay Archipelago (Abbr. see Table 1)

Ao AoPa AperTI AperBk AperNB AperSolo Aa Ap As

(a)
Ao 0,043 0,058 0,174 0,185 0,169 0,184 0,197 0,209 0,203
AoPa 0,094 0,030 0,173 0,183 0,166 0,184 0,210 0,225 0,215
ArTI 0,225 0,218 0,060 0,066 0,167 0,179 0,238 0,248 0,224
ArBk 0,228 0,219 0,118 0,043 0,169 0,180 0,240 0,248 0,224
ArNB 0,198 0,189 0,205 0,198 0,016 0,020 0,251 0,261 0,248
ArSolo 0,205 0,199 0,209 0,201 0,028 0,000 0,258 0,252 0,264
Aa 0,233 0,240 0,283 0,276 0,274 0,273 0,030 0,111 0,123
Ap 0,251 0,261 0,299 0,290 0,290 0,273 0,147 0,042 0,101
As 0,236 0,241 0,265 0,257 0,267 0,275 0,149 0,133 0,023

(b)
Ao 0,001 0,009 0,050 0,062 0,048 0,052 0,272 0,588 0,325
AoPa 0,010 0,001 0,060 0,072 0,058 0,062 0,242 0,343 0,285
ArTI 0,052 0,062 0,004 0,010 0,038 0,042 0,212 0,232 0,214
ArBk 0,063 0,073 0,012 0,001 0,046 0,050 0,237 0,252 0,231
ArNB 0,048 0,058 0,040 0,046 0,000 0,003 0,217 0,225 0,210
ArSolo 0,052 0,062 0,044 0,050 0,003 0,000 0,225 0,231 0,216
Aa 0,274 0,244 0,216 0,239 0,219 0,227 0,004 0,031 0,048
Ap 0,588 0,343 0,234 0,252 0,225 0,231 0,033 0,000 0,015
As 0,325 0,285 0,216 0,231 0,210 0,216 0,050 0,015 0,000

Table 3
Divergence times between clades of the genus Amphiprion (Ao, pooled sequences of A.
ocellaris from Borneo and Sulawesi; Aa, all sequences of A. akallopisos; Ap, all
sequences of A. perideraion; As, all sequences of A. sandaracinos; further abbr. see
Table 1)

Pairs of taxa Control
region

Cytochrome b Geological era

Ao–AoPa 0.9 0.3–0.9 Pleistocene
Ao/AoPa–AperTI 2.7 1.8–6.0 Pliocene/end of Miocene
Ao/AoPa–AperBk 2.9 2.2–7.2 Pliocene/end of Miocene
Ao/AoPa–AperNB/AperSolo 2.6–2.9 1.7–6.2 Pliocene/end of Miocene
AperTI–AperBk 1.0 0.4–1.0 Pleistocene
AperTI–AperNB/AperSolo 2.6–2.8 1.4–4.2 Pliocene
AperBk–AperNB/AperSolo 2.6–2.8 1.6–5.0 Pliocene
Aa–Ap 1.7 1.1–3.1 Pleistocene/Pliocene
Aa–As 1.9 1.7–4.8 Pliocene
Ap–As 1.6 0.5–1.5 Pleistocene

[Miocene: 23–5.33 MYA, Pliocene: 5.33–1.8 MYA, Pleistocene: 1.8 MY-11500 YA
(Grabstein & Ogg 2004)].
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Molecular clock estimates on the divergence time among the
Phalerebus species indicated that the separation of A. akallopisos
and the other two species took place by the end of the Pliocene
and beginning of the Pleistocene 1.1–4.8 million years ago (1.7–
1.9 in CR). The species A. perideraion and A. sandaracinos diverged
later, in the Pleistocene, 500,000 years to 1.5 million years ago
(1.6 million years in CR).

By the end of the Pliocene and during the Pleistocene the sea le-
vel dropped, following the increasing glaciations, which created
barriers for migration between the ocean basins. The ancestral
population inhabiting the Indian Ocean gave rise to A. akallopisos,
while the ancestral population on the Pacific side went through a
sympatric speciation or allopatric speciation in separate ocean
basins, such as the South China Sea, the Sulu Sea, and the Sulawesi
Sea during sea level low stands (Voris, 2000). This gave rise to
A. perideraion and A. sandaracinos. The present distribution patterns
of the species support these findings. A. akallopisos is distributed
mainly in the Indian Ocean, but also present in the Java Sea and
probably re-colonised the Sunda Shelf through the Sunda Strait
after the glacial times. A. sandaracinos and A. perideraion both inha-
bit almost the whole Indo-Malay Archipelago. However, A. sanda-
racinos has a smaller distribution area (Fautin and Allen, 1994).
Although, there is an overlap in host anemone acceptance (both
fish species can occur in Heteractis crispa), it seems to be that they
avoid competition by specialisation on different host anemone spe-
cies (Elliott and Mariscal, 2001). A. sandaracinos represents a spec-
ialised and A. perideraion a rather generalised behaviour accepting
two and four anemone species as hosts, respectively (Fautin and
Allen, 1994). The speciation of the latter two species took place
around 100,000 to 300,000 years later than the split between A.
akallopisos and the ancestor of A. sandaracinos and A. perideraion.

The separation of the Pacific and Indian Ocean by sea level low
stands triggered divergence and speciation also in other coral reef
dwelling animals (McMillan and Palumbi, 1995; Williams, 2000;
Kochzius et al. 2003).

4.2. Amphiprion ocellaris/percula species complex

All specimens from the Togian Islands (Tomini Bay) were clearly
included in the A. percula clade. This is contrary to the distribution
pattern proposed by Allen (1991) and Fautin and Allen, (1994),
assuming the presence of A. ocellaris in Tomini Bay. Regarding Kuit-
er and Tonozuka (2005), both species occur in Tomini Bay, inhab-
iting different depth. A. percula is supposed to live in shallow
water close to the coastline, whereas A. ocellaris inhabits the dee-
per areas. We sampled at different locations and different depths
varying between one and 25 m, but could not confirm these find-
ings, because the phylogenetic analysis clearly showed that all
specimens belong to A. percula.

The specimens of A. percula collected at three different locations
formed distinct geographic subclades, supported, by high boot-
strap values. The haplotype networks both indicated a strong sep-
aration of the samples from New Britain (New Guinea) including
the sample from the Solomon Islands, reaching back around 1.9–
10 million years. In contrast to the CR analysis, the clade from
New Britain and Solomon Islands is not connected to Biak in the
cyt b network, but to Togian Island. Obviously, the New Britain
lineage is genetically very distinct and its connection to the other
clades is not well resolved. This was as well shown in the inconsis-
tencies and not resolved nodes in the phylogenetic trees. Possibly,
there is a tendency of mutation saturation present for the strong
diverged clades for the third codon positions of the cyt b gene (Far-
ias et al. 2001) and/or in the highly variable CR sequences, as well
indicated by the comparably small Ts/Tv ratios in both markers
(3.9 in labroid fishes, Bernardi and Bucciarelli 1999, 3 in lionfishes,
Kochzius et al. 2002, 3.93 in cichlid fishes, Farias et al., 2001). The
divergence times between the Biak/Tomini Bay and the New Brit-
ain clade are similar to the separation between A. ocellaris and A.
percula. Nelson et al., (2000) found the similar divergence time of
1.9–7.5 million years between A. ocellaris and A. percula using the
same cyt b fragment as in the present study. Specimens of A. percu-
la from Biak and from Tomini Bay are separated by a number of
mutational steps similar to that one separating the clade of A. ocel-
laris from Padang (Indian Ocean) to their conspecifics. In the cyt b
fragment the mutational steps of the abovementioned clades were
even equal.

On the one hand, the genetic distances between some of the
geographic groups of the A. percula/ocellaris complex were larger
than between species in the subgenus Phalerebus. The clade of A.
percula from New Britain and the Solomon Islands shows a diver-
gence of 82 steps from its conspecifics, raising the question if they
can be still regarded as one species.

On the other hand, the separation by 31 mutations between the
A. ocellaris specimens from Padang (Indian Ocean) and the other A.
ocellaris clade, was lower than between the Phalerebus species. The
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same could be observed between A. percula samples from Tomini
Bay and from Biak.

Both, the genetic distance of CR (6.6%) and cyt b (1%) between A.
percula from Biak and A. percula from the Togian Islands could cor-
respond to strongly diverged populations, whereas sequence diver-
gences of 16.7–18% (CR) and 3.8–5% (cyt b) present between A.
percula from New Britain/Solomon Islands and the other A. percula
clades are rather at species level. This view is supported by com-
parison with the lower genetic distances among the clearly distinct
species in the subgenus Phalerebus (Table 2). The analysis revealed
a sharp genetic break, although the strong South Equatorial Cur-
rent (SEC) along the northern coast of New Guinea could indicate
high gene flow. Although, part of the SEC joints the North Equato-
rial Countercurrent (NECC) northwest of New Guinea, a noticeable
part of it branches off before it reaches Biak (Fig. 1b), which might
prevent a continuous mixing (Godfrey, 1996). Different current
regimes might have also restricted connectivity along the north-
eastern coast of New Guinea during times of low sea level stands
in the glacials. The New Britain group might be rather connected
to populations in the Great Barrier Reef to the South than to the
other clades in the Northwest. A strong connectivity of New Britain
and the Great Barrier Reef could not be found in another coral reef
fish species (Pseudochromis fuscus, Messmer et al., 2005), however,
the close relatedness to the neighbouring Solomon Islands,
although only represented by one sequence, could indicate connec-
tivity in southeast direction.

The fact that two mitochondrial lineages were found in Biak
(one specimen corresponding to the New Britain Clade) indicates
that occasional migration takes place resulting either in hybridisa-
tion and introgression, or a coexistence of these diverged lineages
without genetic exchange. To resolve the question of hybridisation
and the presence of a cryptic species, it would be necessary to use a
nuclear genetic marker for further analyses.

The basic differentiation pattern of the A. ocellaris/A. percula
complex, with the incertitude of the genetic isolation of the New
Britain Clade, can be traced back to the separation of ocean basins
during late Pliocene sea level low stands (Van Andel, 1994). Due to
climate oscillations in the late Pliocene, the sea level dropped by
around 40–70 m during glacial periods (Van Andel, 1994). This
caused intermediate frequent disturbances that are likely to in-
crease the probability of divergence and speciation (Roxburgh et
al., 2003; Shea et al., 2004). Even the divergence of the New Britain
clade might have been influenced by possible different current pat-
terns during the Pliocene.

In the following Pleistocene, glaciations increased and the sea
level dropped up to 120 m (Voris, 2000). During sea level low
stands the Sunda Shelf was exposed and the population of A. ocel-
laris from Padang (Indian Ocean) was separated from the ones on
the other side of the Sunda shelf. This separation, most probably
initiated also the speciation in the Phalerebus-species complex
(see above). Such a divergence of marine animals in the Indo-Ma-
lay Archipelago was also shown for other species, e.g. the mantis
shrimp Haptosquilla pulchella (Barber et al., 2000, 2002), starfish
species (Benzie, 1999; Williams, 2000) and the giant clam Tridacna
crocea (Nuryanto and Kochzius, 2006). In butterflyfishes, different
species assemblages were found in the Indian and Pacific Ocean
with genetic variations of around 2% between the species of the
two different oceans. Comparably to the anemonefishes, butterflyf-
ishes are also coral reef associated organisms, which seem to have
undergone diversifications during sea level low stands in that area
(Mcmillan and Palumbi, 1995). Additionally, the central part of the
Indo-Malay Archipelago was separated from the Pacific coast of
New Guinea, leading to a genetic break between populations. Sim-
ilar genetic differentiation was revealed in other marine organ-
isms, such as Haptosquilla pulchella (Barber et al., 2002) and
Tridacna crocea (Nuryanto and Kochzius, 2006). The population of
A. percula from Tomini Bay is very isolated and obviously only con-
nected to other populations of this species in the East by currents
going through the Moluccan Islands. This is especially notably, be-
cause at the neighbouring coastal areas of Sulawesi (e.g. Manado in
the North, Kendari in the South) populations of A. ocellaris were
found (unpublished data). The population of mantis shrimps in To-
mini Bay was shown to be also very divergent (Barber et al., 2002),
supporting the distinctiveness of that area (Wallace et al., 2002). A
study on scad mackerel found a connection between populations in
Tomini Bay and the Moluccan Islands (Arnaud et al., 1999). It
would be necessary to analyse populations of that area to proof
this zone as a connection between Tomini Bay and the Pacific coast
of New Guinea.

The results of the present study suggest that there are possi-
bly three species present within the A. ocellaris/percula species
complex, which is not concordant to the current taxonomy based
on morphological characters and colour pattern. Within the A.
akallopisos perideraion/sandaracinos species complex, genetic
clades follow species boundaries defined by morphology and col-
our pattern. The latter results gave a helpful scaling within the
genus Amphiprion for the interpretation of the A. ocellaris/A. per-
cula species complex analyses. The species of the two subgenera
(Actinicola and Phalerebus) are biologically very similar to each
other, they are quite specialized in host selection (2–4 host
anemones), share the same food sources, and behave and repro-
duce in a similar way. The species boundaries patterns revealed
in this study were contrasting, though. Within the A. ocellaris/A.
percula complex, there was a strong subdivision corresponding to
geographical locations, but not following the species definitions
and distributions assumed before. Whereas within the Phalerebus
subgenus, species boundaries were concordant to their prior spe-
cies classification but did not reveal geographical clades.

This study shows, that important factors, for divergences of lin-
eages until speciation of the genus Amphiprion in the ‘‘coral trian-
gle”, were sea level fluctuations since the Miocene (Van Andel,
1994). This supports on the one hand the ‘‘centre of origin” theory
for explaining the high biodiversity present in that region (Briggs,
2000, 2005). On the other hand it shows, that through the separa-
tion between the ocean basins, divergences took place at each side
of the barriers, which obviously also contributed to species rich-
ness in this marine biodiversity hotspot.
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