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Four categories of islands in SE Asia may be identified on the basis of their histories of landbridge
connections. Those islands on the shallow, continental Sunda Shelf were joined to the Asian
mainland by a broad landbridge during the late Pleistocene; other islands were connected to the
Sunda Shelf by a middle Pleistocene landbridge; some were parts of larger oceanic islands; and
others remained as isolated oceanic islands. The limits of late Pleistocene islands, defined by the
120 m bathymetric line, are highly concordant with the limits of faunal regions. Faunal variation
among non-volant mammals is high between faunal regions and low within the faunal regions;
endemism of faunal regions characteristically exceeds 70%,. Small and geologically young oceanic
islands are depauperate; larger and older islands are more species-rich. The number of endemic
species is correlated with island area; however, continental shelf islands less than 125000 km? do
not have endemic species, whereas isolated oceanic islands as small as 47 km? often have endemic
species. Geologically old oceanic islands have many endemic species, whereas young oceanic islands
have few endemic species. Colonization across sea channels that were 5-25 km wide during the
Pleistocene has been low, with a rate of about 1-2/500 000 years. Comparison of species—area curves
for mainland areas, late Pleistocene islands, and middle Pleistocene islands indicates that extinction
occurs rapidly when landbridge islands are first isolated, with the extent of extinction dependent
upon island size; extinction then slows to an average rate of 1-29,/10000 years. The great majority
of the non-volant Philippine mammals arrived from the Sunda Shelf, the geographically closest of
the possible source areas. Speciation within the Philippines has contributed substantially to species
richness, perhaps exceeding colonization by a factor of two or more as a contributor to species
number. Colonization, extinction and speciation rates differ among taxonomic groups, with murid
rodents being most successful and carnivores least successful. In order for any model of island
biogeography to be widely applicable to insular faunas, the model must include speciation as a
major variable. It is suggested that insular mammalian faunas typically are not in equilibrium,
because geological and climatic changes can occur as rapidly as colonization and speciation.
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INTRODUCTION

For the past twenty years, the theory of island biogeography developed by
MacArthur & Wilson (1963, 1967; MacArthur, 1972) has provided a
framework within which to investigate the ecological and evolutionary dynamics
of the processes that control patterns of species richness. This general theory,
with its component equilibrium model, serves as a structured set of predictions
that allows an investigator to ask biologically important questions. By
approaching the topic of island biogeography in a systematic way, investigators
are often able to judge their data in the context of similar, comparable data sets,
and so may draw conclusions and make predictions that may be generalized
over a wide taxonomic and geographic range.

Both the general theory and the equilibrium model of MacArthur and Wilson
have been controversial (e.g. see critical reviews by Gilbert, 1980; Williamson,
1981). Some critics have, in effect, stated that the simplicity and rigidity of the
equilibrium model have allowed it to be falsified, and that it should be
discarded. Given MacArthur’s view of a model as “a lie that allows you to see
the truth” (cited by Crowell, 1986), this narrow view of the role of falsification
may be an inappropriate criticism. The model appears to be most effectively
used in much the same way as the Hardy—Weinberg model of population
genetics: equilibrium is not assumed or even expected; rather, it is the reason for
the presence or lack of equilibrium that is of interest (e.g. Lack, 1976).

Other criticism of the model has focused on its failure to allow for historical
factors, especially speciation (e.g. Heaney, 1984a). Although some parts of the
theory address long-term processes, most of MacArthur and Wilson’s discussion
centres on variables that operate over ‘ecological time’. This may be
appropriate for highly vagile organisms, and for less vagile organisms in a system
encompassing short distances, but it restricts the usefulness of the theory.
Unfortunately, much of the research conducted with the framework of the
MacArthur and Wilson model has utilized species that are highly vagile relative
to- the distances involved in the study, so that the importance of long-term
processes remains problematic.

Recent studies of the island biogeography of mammals (Brown, 1971, 1978;
Patterson, 1980, 1984; Lawlor, 1983; Heaney, 1984a) have concluded that, with
the possible exception of bats, mammals are very poor colonizers across
significant habitat and geographic barriers; none of these studies could detect
any current colonization. These studies also provided evidence that the rate of
extinction for any given island fauna is influenced by two major variables. First,
extinction is more rapid, and much more extensive, on progressively smaller
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islands. Secondly, extinction is temporally variable, apparently being high soon
after the island is isolated from the mainland, but falling to a low level
thereafter. Islands isolated for 12000-15000 years often have rich faunas in
which current extinction is undetectable. Thus, there is little evidence for
isolated insular mammalian faunas that are in dynamic equilibrium (i.e. that
show evidence of turnover). Finally, limited data indicate that speciation may
occur within the same time-frame as extinction and colonization, and probably
should be considered in models of mammalian species richness (Heaney, 1984a;
Patterson, 1984).

Unfortunately, the evidence at hand does not provide direct estimates of the
rates of extinction, immigration or speciation for any isolated insular mammal
faunas; with a few exceptions, such data are available only for the small
mammal faunas on islands that are often bridged by ice (Williamson, 1981;
Lomolino, 1982, 1986; Crowell, 1986; Hanski, 1986).

Thus, attempts to model the dynamics of species richness of non-volant
mammals on islands have left four questions unanswered. (1) What are the
actual rates of colonization and extinction among these species? (2) Are the
rates effectively equal? (3) What role does speciation play in determining species
richness? and (4) How is speciation affected by colonization and extinction?

The SE Asian archipelago is the largest aggregation of islands in the world,
and affords an excellent opportunity to investigate problems in mammalian
island biogeography. Over 7000 islands are said to be enclosed within the
boundaries of the Republic of the Philippines alone. The archipelago is
especially unusual in that it contains islands of widely differing sizes, and
geological evidence indicates that several historical groups exist: some islands are
strictly oceanic, some are fragments of once-larger islands, and some had
landbridge connections to the Asian mainland.

The mammalian fauna of the region is also remarkably diverse. The
Philippine islands support at least 17 endemic genera of rodents, two of
insectivores and four of bats, as well as many endemic species of more
widespread genera. Many of these endemics are restricted to one or a few islands
and short distances separate faunas that are quite distinct (Heaney, 1985b).
This is unlike the pattern of the mammalian fauna on the islands of the adjacent
Sunda Shelf. On this vast continental shelf the proportion of endemics is much
lower, and widely separated islands support very similar faunas (Medway, 1972,
1977; Heaney, 1984a).

The purpose of this paper is to review the biogeography of the mammalian
faunas found on the islands of the Sunda Shelf and the Philippines in the light of
current theoretical problems in island biogeography. In order to accomplish
this, it is necessary to summarize current knowledge of the faunas of the islands
in the Philippines because previous summaries are badly out of date (Dickerson,
1928; Taylor, 1934). To provide the necessary perspective, I will first briefly
summarize the geological history of the area and describe general patterns of
mammalian distribution, and then present data that allow direct estimation of
rates of colonization, extinction and speciation. I have, with regret, omitted bats
from this study; their distributions on nearly all small islands and many large
islands in the region are poorly documented and records are widely scattered.
Introduced, commensal mammals are not included in any of the analyses that
follow.
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METHODS

Data on Sunda Shelf mammals are from Heaney (1984a), except that recent
taxonomic changes (Jenkins, 1982; Musser & Newcomb, 1983) have been
incorporated. Mainland species—area data are those used by Heaney (1984a),
plus data from Harrison (1969) and Lim, Muul & Chai (1977). Although the
faunas of Java and Sumatra are often cited by zoogeographers, there are no
current, complete lists of their mammalian faunas; therefore, I have included
checklists as an Appendix.

I have provided summaries of the mammalian faunas on most Philippine
islands because they are not available elsewhere. Specimens of Philippine
mammals were examined in all major collections in North America and in
several collections in the Philippines. Records of occurrence that were not
previously noted in published literature are documented in Tables 1-5 by
inclusion of the acronym for the collection that houses them. The following
acronyms are used: AMNH (American Museum of Natural History, New
York); DMNH (Delaware Museum of Natural History, Greenville); FMNH
(Field Museum of Natural History, Chicago); UMMZ (University of Michigan,
Museum of Zoology, Ann Arbor); USNM (U.S. National Museum of Natural
History, Washington, D.C.); VISCA (Visayas State College of Agriculture,
Baybay, Leyte); ZMB (Zoologisches Museum der Humboldt-Universitat,
Berlin).

It has been necessary to make several taxonomic judgements in order to
complete this paper. I have generally taken a conservative approach, i.e. species
are recognized only where they are likely to be valid; in other cases I have
indicated that the taxa are members of species groups that need revision (e.g.
Bullimus species group). In no case do these judgements significantly affect the
conclusions drawn here.

Cluster analyses of faunal similarity indices were based on the unweighted
pair-group method of analysis, using a program developed by R. Strauss.
Standard errors were estimated at each cluster node from all possible pairs of
between-group distances, where the groups are the two clusters that are joined
at the node, calculated as the standard deviation of the distances divided by the
number of distances. Regression lines were calculated using the least-squares
method.

GEOLOGICAL SETTING

South and east of the continent of Asia lie most of the world’s largest islands:
Borneo, Sumatra, Java, New Guinea and Australia, each surrounded by a
constellation of lesser islands. New Guinea lies on the continental shelf of
Australia and shares much of its fauna with that island-continent. Likewise,
Borneo, Sumatra and Java lie on the continental shelf of Asia that is called the
Sunda Shelf. Between these two continental shelves are the oceanic islands of
Wallacea, which originated primarily as island arcs at pressure points between
sliding oceanic plates; these tectonic forces have caused geological uplift and
volcanism (Hamilton, 1979; Divis, 1980; Ollier, 1985). This paper deals with
only a part of this vast complex of islands: the islands of the Sunda Shelf and
those of the Philippines, one of the oceanic island constellations of Wallacea.
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Table 1. List of mammal species known to occur on selected islands in
the Palawan faunal region

Island Palawan Busuanga Culion Balabac
Area (km?) 11785 938 400 306
Elevation (m) 2084 695 495 605
Depth to Palawan (m) - 73 73 91
Distance to Palawan (km) - 86 55 31
Insectivora
Crocidura palawanensis** T — — USNM
Suncus murinus* T — — —
Tupaia palawanensis** T S S USNM
Primates
Macaca fascicularis T ) S USNM
Pholidota
Manis javanicus T — — —
Rodentia
Sundasciurus steerii group** T S S USNM
Sundasciurus rabori** H — —
Hylopetes nigripes** T — — —
Chiropodomys calamianensis** M, T — M,
Haeromys sp. nov.** M, M, — —
Maxomys panglima** T S S USNM
Palawanomys furvus** M, — — —
Rattus exulans* T S S USNM
Rattus norvegicus* T — — —
Rattus rattus* T USNM 5 —
Rattus tiomanicus MC S — —
Sundamys mueller: MN MN S MN
Hystrix pumilus** T S — —
Carnivora
Felis bengalensis T T — —
Mpydaus marchei** USNM S — —
Aonyx cinerea T — — —
Herpestes brachyurus T T — —
Herpestes urva w — — —
Paguma larvata w — — —
Paradoxurus hermaphroditus T FMNH S USNM
Viverra tangalunga USNM USNM USNM —
Artiodactyla
Sus barbatus T S S T
Cervus porcinus — — S —
Tragulus napu — — — T
Total non-volant species 27 17 11 11
Total indigenous species 23 15 9 10

*Introduced commensal species.

**Species endemic to faunal region.

H=Heaney, 1979; M, =Musser, 1979; M,=Musser, pers. comm.; M,=Musser, 198la;
MC=Musser & Califia, 1982; MN =Musser & Newcomb, 1983; S=Sanborn, 1952; T =Taylor,
1934, W =Wozencraft, pers. comm.

Pleistocene conditions

The growth and recession of continental glaciers during the Pleistocene were
associated on a global basis with changes in sea level and temperature. At the
end of the Pleistocene, about 18000 years ago, sea level was about 120 m below
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Table 3. List of mammal species known to occur on islands in the Luzon Faunal
Region

Island Luzon Catanduanes Marinduque Polillo
Area (km?) 108171 1513 958 769
Elevation (m) 2930 764 1182 219
Depth to Luzon (m) — 50 75 64
Distance to Luzon (km) — 8 17 18

Insectivora
Crocidura grayi**
Suncus murinus*
Primates
Macaca fascicularis
Rodentia
Abditomys latidens**
Apomys abrae**
Apomys datae**
Apomys microdon
Apomys musculus**
Apomys sacobianus**
Archboldomys luzonensis®*
Batomys dentatus®*
Batomys granti**
Bullimus bagobus group
Carpomys melanurus**
Carpomys phaeurus**
Celaenomys silaceus**
Chrotomys mindorensis
Chrotomys whiteheadi**
Crateromys schadenbergi**
Crunomys fallax**
Mous castaneus*
Phloemys cumingi**
Phloemys pallidus®*
Rattus argentiventer*
Rattus everetti group
Rattus exulans*
Rattus nitidus*
Ratius norvegicus*
Rattus rattus*
Rhynchomys isarogensis®*
Rhynchomys soricoides**
Tryphomys adustus*®
Carnivora
Paradoxurus hermaphroditus
Viverra tangalunga
Artiodactyla
Sus barbatus
Cervus mariannus

=
|

=
|
|
|

Musser, 1982a
Musser, 1982b
Musser, 1982b
Musser, 1982b
Musser, 1982b
Musser, 1982b
Musser, 1982¢

[ =1
|
1

— — — 1 = Musser & Gordon, 1981
— — — 1 = Musser & Gordon, 1981

— — — 1 = Barbehenn ¢t al., 1973
— — — 1 = Musser, 1977a

— — — 1 = Musser & Freeman, 1981

R B e B N e e e R e e N R [,
|
|

_ — -— 1 = Musser, 1981b

Hea S
|
|
|

Total non-volant species
Total indigenous species

N OO
@ U
—_—
A W
—

* Introduced commensal species.
**Species endemic to faunal region.
T = Taylor, 1934.

the present level (Bartlett & Borghoorn, 1973; Gascoyne, Benjamin & Schwartz,
1979; Bloom, 1983). It is possible to approximate the extent of late Pleistocene
islands in SE Asia, and elsewhere in the world, by tracing the 120 m line around
current islands. This method is likely to be generally accurate for the late
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Table 4. List of mammal species known to occur on Mindoro Island

Area (km?) 9735
Elevation (m) 2585
Depth of Luzon {m) 360
Distance to Luzon (km) 18

Insectivora

Crocidura halconus** T
Crocidura mindorus** T
Primates
Macaca fascicularis T
Rodentia
Anonomomys mindorensis** Musser & Newcomb, 1983
Apomys musculus Musser, 1982b
Chrotomys mindorensis Musser et al., 1981
Crateromys paulus**-*** Musser & Gordon, 1981
Rattus everetti group T
Rattus exulans* Musser, 1977a
Rattus mindorensis** Musser & Califia, 1982
Rattus norvegicus* T
Rattus rattus* Musser, 1977a
Carnivora
Paradoxurus hermaphroditus T
Viverra tangalunga T
Artiodactyla
Bubalus mindorensis** T
Sus barbatus Groves, 1981
Cervus mariannus Grubb & Groves, 1983
Total non-volant species 17
T'otal indigenous species 14

*Introduced commensal species.
**Species endemic to Mindoro Island.
***Restricted to islet of Ilin.

T = Taylor, 1934.

Pleistocene because 18000 years allows time for relatively little geological
change. Moreover, because uplifting has predominated in the critical areas in
SE Asia, we can assume that this method provides the maximum extent of
landbridges, and is thus a conservative estimate.

A recent review of vertebrate zoogeographic data (Heaney, 1985b) found
strong support for the geologically based model of the Philippine late Pleistocene
islands shown in Fig. 1. It appears that there was not a continuous landbridge
to the Philippines from Asia during the late Pleistocene. Several channels over
200 m deep separate both the Sulu and Palawan chains from the main body of
the Philippines, and much deeper water lies in all other directions.

During the late middle Pleistocene, eustatic sea level was 160-180 m lower
than it is at present (Donn, Farrand & Ewing, 1962; Gascoyne ¢t al., 1979).
Much of the Philippines was tectonically active throughout the Pleistocene, and
I therefore hesitate to estimate middle Pleistocene island connections from
current topography. However, it should be noted that the Palawan region has
been tectonically stable for a longer period than is typical for the region (see
below) and shows evidence of a potentially unusual and interesting set of
circumstances. Because the channel between Borneo and Palawan is 145 m
deep, a landbridge may have existed between Borneo and Palawan during the
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Table 5. List of the mammals of the Negros—Panay faunal region

Istand Negros Panay Cebu
Area (km?) 13670 12 300 4421
Elevation (m) 2460 1765 1013
Depth to Negros (m) — 15 90
Distance to Negros (km) — 18 5

Insectivora
Crocidura negrinus**
Suncus murinus*
Primates
Macaca fascicularis
Rodentia
Apomys littoralis
Mus castaneus®
Rattus exulans™
Rattus norvegicus*
Rattus rattus*
Carnivora
Paradoxurus hermaphroditus
Viverra tangalunga
Felis bengalensis
Artiodactyla
Sus barbatus
Cervus alfredi

Total non-volant species
Total indigenous species

AMNH

g
z—]
N
—

l
|

~

AMNH

AMNH
AMNH

222492 4

=4 344

—

@ »
w

o He -—15—3 -] =
T

N

*Introduced commensal species.
**Species endemic to faunal region.
M, = Musser, 1977a; M, = Musser, 1982b; T= Taylor, 1934.

late middle Pleistocene (about 160000 years ago), but not more recently. Thus,
the Palawan region fauna seen today occurred on a single large island during
the late Pleistocene (Fig. 1), and has been isolated from its source in Borneo
since the middle Pleistocene. The shallow (140 m) San Bernardino Channel
between southern Luzon and northern Samar might also have been dry during
the late middle Pleistocene, allowing free exchange through much of the
archipelago.

Geology of the Philippines

The summary of the Philippine geology provided here is based on the
following papers unless noted otherwise: Hamilton (1979), Holloway (1982),
Ollier (1985), Vondra & Mathisen (1985). Locations of most features discussed
below are shown in Fig. 2. My emphasis is on the formation of subaerial islands,
rather than on the entire geological evolution of the archipelago.

The Philippine Islands were formed largely as a result of the collision of a
major Pacific lithospheric plate with the South China Sea plate, an off-rider of
the Asian land mass. The islands occur as a series of major arcs that are adjacent
to active or inactive subduction zones, as shown in Fig. 2. Although a small
amount of continental crust is included, it is likely that the islands have formed
de novo as an oceanic group.
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The islands of the Palawan Arc are a composite of old continental crustal
rocks (from the northern half of Palawan Island to southern Mindoro and
northern Panay) and more recent fragments of oceanic crust. The continental
rocks are Palaeozoic and Mesozoic in age and consist of some clastic sediments
and limestone. Limestone sediments containing fossils of marine invertebrates on
top of the continental rocks indicate that shallow marine conditions existed from
the Jurassic to the Eocene. Recent data suggest a mid-Oligocene to early
Miocene (32 to 17 Ma BP) rifting of this material away from the Asian
continent (Taylor & Hayes, 1980; Holloway, 1982); no evidence yet suggests
subaerial (emergent) islands before the Miocene. Sedimentary material of
Pliocene and Quaternary origin on the edge of the Palawan trench suggests the
presence of islands by the Pliocene. The subduction zone has been inactive since
the Miocene.

Luzon, the largest and probably oldest island in the archipelago, originated as
a series of small islands above water beginning in the late Eocene or early
Oligocene near the Philippine Trench, and near the Manila Trench by the early
Miocene. By the late Pliocene, the intervening basin had filled with enough
sediment to project above water, resulting in a single large island (Vondra et al.,
1982; Bachman, Lewis & Schweller, 1983).

Mindanao, Leyte and Samar are all associated with the Philippine Trench,
the largest and most active subduction zone in the area. Southern Mindanao
was also influenced by the Sangihe and Halmahera arcs; these become more
prominent when they reach the islands of Celebes and Halmahera. Coal
deposits present on the Zamboanga Peninsula indicate that subaerial conditions
existed during the lower Miocene (Hamilton, 1979: 207). However, much of
Mindanao consists of Pliocene to Recent volcanic deposits, and thus Mindanao
has been a single large island since the late Pliocene at the earliest. Leyte
consists primarily of Miocene limestone and volcanics of marine origin, but
several Quaternary volcanoes are also present; subaerial conditions before the
Pliocene seem unlikely. Samar contains more early Teriary volcanic deposits,
but also much Miocene—Pliocene limestone.

The Miocene was marked by migration of the Pacific plate to the northwest
over the floor of the Sulu Sea, forming the Sulu Arc. This subduction zone was
active up until the Late Pleistocene, but is now dormant. Pliocene to
Quaternary volcanic deposits on Jolo (Philippine Bureau of Mines, 1963) may
mark the oldest subaerial deposition in the Sulus.

Miocene to Recent sedimentary deposits and inactive volcanoes on Mindoro
(Philippine Bureau of Mines, 1963) suggest subaerial conditions on the island at
least since the early Pliocene, and possibly earlier.

Negros and Panay lie on an active volcanic arc that is bounded on the west
by the actively subducting Negros Trench. Although tectonic activity probably
dates from the Miocene, limestone reefs of Miocene to Pleistocene age are
common up to 200 m elevation on many parts of Negros; subaerial conditions
probably did not exist until the late Pliocene. Most volcanic materials are of
Quaternary age. On Panay, sedimentary material is mostly Quaternary in age;
pre-Pliocene subaerial conditions are possible but seem unlikely. Cebu also
contains old metamorphosed marine sediments and volcanics; its time of orgin
as an island is uncertain.

Camiguin Island, north of central Mindanao, is composed entirely of
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Quaternary volcanic material from a currently active volcano. Major eruptions
have occurred within historic time.

In summary, although there is evidence that geological activity in the
Philippines was initiated before the Palaecocene, most uplift has occurred since
the beginning of the Miocene. Miocene activity resulted in the formation of at
least some subaerial islands, and at least one large island, Luzon, had formed by
the late Pliocene. Much of the present landform, however, was determined by
Plio-Pleistocene tectonic and volcanic activity, and some areas remain active
today.

Although it is desirable in a study such as this to include a discussion of the
Pleistocene fauna, this topic is extremely poorly known at present. Only a few
large mammals have been recorded, and all from fragmentary material from
Luzon (Fox & Peralta, 1974; Groves, 1985).

RESULTS
Patterns of distribution

Sunda Shelf

The islands on the continental shelf of SE Asia include Borneo, Java, Sumatra
and a host of smaller islands. Most species of mammals in the region are widely
distributed, demonstrating dispersal by mammals across the Sunda Shelf during
the late Pleistocene (Heaney, 1984a). However, some endemics are present also.
Borneo, for example, has about 29 endemics among its 124 indigenous species,
and Sumatra and Java each have seven endemics out of 110 and 61 species,
respectively (see Appendix; Medway, 1972, 1977; Heaney, 1985b). Most
endemics are montane species. No endemics occur on islands smaller than Java
that are within the 120 m bathymetric line, i.e. even on moderately large islands
that were part of the late Pleistocene mainland. In contrast, many small islands
beyond the 120 m limit support endemics (as discussed below).

Philippines

The terrestrial mammalian fauna of the Philippines has traditionally been
divided into four major regions, based on richness, composition and degree of
endemism (Steere, 1890; Heaney & Rabor, 1982): the Palawan, Mindanao,
Luzon and Negros regions. Additionally, several large oceanic islands (e.g.
Mindoro) often are mentioned as distinct. These parallel the faunal regions
exhibited by birds (Dickerson, 1928), and reptiles and amphibians (Brown &
Alcala, 1970), and correspond to the limits of late Pleistocene islands (Heaney,
1985b). The following brief descriptions of the faunal regions are intended to
provide a general perspective. It should be noted that thorough faunal surveys
and reports for all of the regions are badly needed, especially in the light of the
extremely high current rates of deforestation.

Palawan region

The Palawan faunal region (Fig. 1) is noteworthy for its rich fauna (relative
to island size), including many groups (carnivores, pangolins, porcupines and
some insectivores) absent or poorly represented elsewhere in the Philippines
(Table 1). Although many species are endemic, nearly all genera are found in
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northern Borneo (Fig. 3). Of 25 indigenous species, 11 (449,) are endemic to
the region and the rest are shared with Borneo; 969, of the genera are shared
with Borneo. Thus, the Palawan region is part of the Sunda zoogeographic
province, not part of the Philippine faunal province.

The clear faunal relationship of Palawan to Borneo has long been attributed
to the probable presence of a landbridge from Palawan to Borneo during the
Pleistocene (Fig. 1; Everett, 1889). The channel between Borneo and Palawan is
about 145 m deep; this is greater than the 120 m depth reached during the late
Pleistocene, but less than the 160 m depth reached during the middle
Pleistocene. The large number of endemic species but low number of endemic
genera is consistent with the geological evidence of separation from Borneo for
about 160000 years (Heaney, 1985b).

Mindanao faunal region

A total of 33 indigenous species of non-volant mammals’is known to occur in
the Mindanao faunal region (Table 2). Four species are widespread within and
outside the Philippines and three species are widespread within, but restricted
to, the Philippines. The remaining 26 species (799%,) are endemic. Of 21 genera
of non-volant mammals, four (199,) are endemic to the faunal region, four
(199%,) are endemic to the Philippines, and the remaining 13 genera (629,) are
moderately to extremely widespread in other parts of Australasia.

Twenty-five species of indigenous non-volant mammals have been recorded
on Mindanao, nine of which (369,) are endemic (Table 2). Unexpectedly, the
small island of Dinagat supports at least three endemic species of non-volant
mammals, two of which (Podogymnura and Batomys) have their closest relatives on
Mindanao and one of which (Crateromys) has relatives known only from Luzon
and an islet near Mindoro. Other islands in the faunal region share nearly all of
their species with Mindanao.

A B
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Sumatra Balobac
Java ““ Busuanga
Bolobac 4 Palawon
Palawon Sumatra
Busuanga Java
Mindoro Luzon
Luzon T 1Tz - -+ Comiguin
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Mindanao Negros
Leyte [N ST SR Mindonao
Dinagat Leyte
Maripipi Maripipi
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Figure 3. Cluster analysis of faunal similarity indices for 14 selected Sunda Shelf and Philippine
islands. Data from Table 7. A, Jaccard’s index; B, Simpson’s index. Interrupted bars show standard
errors for the node.
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Luzon region

The current island of Luzon formed the core of a larger island during the late
Pleistocene, one that included the current islands of Catanduanes, Marinduque
and Polillo, as well as numerous smaller islands (Fig. 1). It has long been noted
that the highlands of central Luzon support a rich fauna of endemic species; it is
now becoming apparent that the highlands of the southern peninsula (south of
Ragay Gulf) also support endemics. One new genus and one additional new
species have been named on the basis of a single small collection from Mt
Isarog (Musser & Freeman, 1981; Musser, 1982c).

The moderately large islands of Catanduanes, Marinduque and Polillo are
included in this tabulation principally to demonstrate how little is known about
them. Table 3 shows that each has had a maximum of three species of terrestrial
mammals recorded; moreover, no museum specimens have been obtained from
these islands since the 1930s.

Of the 29 indigenous species of non-volant mammals that occur in the Luzon
region, 20 (699%,) are endemic. Of the nine remaining, four (149,) otherwise
occur only in the Philippines and five (189%,) are widespread in Australasia. Of
21 genera that are indigenous, seven (339,) are endemic to the region; all seven
are murid rodents. An additional five genera (249,) are restricted to the
Philippines.

The boundary between the Luzon and Mindanao faunal regions is strikingly
defined by the San Bernardino Channel, a narrow (15 km), shallow (140 m)
strait whose zoogeographic importance is belied by its small size.

Mindoro faunal region

The deep water surrounding Mindoro (Fig. 1) makes it quite likely that this
island retained a separate existence throughout the Pleistocene. Thirteen
indigenous species of mammals are known from Mindoro (Table 4). An
additional endemic, Crateromys paulus, is known from a single specimen from the
tiny island of Ilin, adjacent to Mindoro’s southwest coast; this species is the
only one known from Ilin (Musser & Gordon, 1981). Among these 14
indigenous species, six (439,) are endemic. All eight remaining species are
shared with Luzon, clearly demonstrating a faunal affinity between these
islands. However, there is also a less apparent but important affinity to the
south. According to Musser & Califia (1982), the endemic Rattus mindorensis is
most closely related to Rattus tiomanicus, which is absent from Luzon but occurs
on Palawan and Calawit (near Busuanga), and the endemic genus Anonomomys is
most closely related to Haeromys, which occurs on Palawan and Busuanga but
not Luzon (Musser & Newcomb, 1983: 559). This strongly implies colonization
from two directions, with the two species mentioned arriving from Palawan
(and ultimately Borneo), and at least four species arriving from Luzon or
elsewhere in the main body of the Philippines.

Negros—Panay faunal region

This faunal region corresponds to one of the large late Pleistocene islands
described above. Negros is one of the best known islands in the Philippines;
other islands in the group are poorly known. The non-volant mammal fauna is
limited to an endemic shrew, the long-tailed macaque, a murid rodent and the
widespread carnivores and ungulates (Heaney, Heideman & Mudar, 1981;
Musser, 1982b) (Table 5). The one native murid also occurs on Mindanao.
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Sulu Archipelago

The Sulu Archipelago probably occurred as a series of islands during the late
and middle Pleistocene, as it does today (Musser & Heaney, 1985: fig. 1).
However, there were fewer and larger islands, and one island that extended
from present-day Tawitawi to Jolo filled most of the gap between Borneo and
Mindanao. The fauna of the archipelago consists of a widespread Sunda Shelf
primate not found elsewhere in the Philippines (Nycticebus coucang), and several
widespread large mammals, as well as an endemic shrew and an endemic murid
(Musser & Heaney, 1985). Thus, two out of seven presumed native species
(299%,) are endemic.

By this tally, there are about 101 species of non-volant mammals in the
Philippines, including eight introduced species (one insectivore and seven
murids). About 79 (859%,) non-volant species are endemic to the Philippines
(Table 6).

In summary, each area bounded by the 120 m bathymetric line supports a
mammalian fauna that is rich in endemics. In the Philippines, three faunally
distinct groups of islands are formed by the contemporary islands that were part
of the three late Pleistocene islands of Greater Luzon, Greater Mindanao and
Greater Palawan. Each of these groups (and the Sunda Shelf group) is marked
by a high level of within-group faunal similarity and each group supports a
large number of endemics so that between-group similarity is low. The fauna of
Greater Palawan is quite similar to Borneo at the generic level and has little in
common with Luzon. This similarity with Borneo is indicative of a middle
Pleistocene landbridge connection. Mindoro has elements of both the Luzon
and Palawan faunas and thus appears to have received immigrants from both

Table 6. Summary of the non-volant mammal faunas of 12 selected
Philippine islands

Number of Number of Number of Percentage of

non-volant  indigenous endemic species

Area (km?) species species species endemic
Palawan 11785 27 23 3 13
Busuanga 938 18 15 0 0
Culion 400 11 9 0 0
Balabac 306 11 10 0 0
Palawan region — 29 25 11 44
Mindanao 99078 30 25 9 36
Leyte 7213 18 14 1 7
Dinagat 670 17 15 3 20
Maripipi 22 6 5 0 0
Mindanao region — 38 33 26 79
Luzon 108171 35 28 20 71
Luzon region — 36 29 21 72
Negros 13670 13 8 1 13
Mindoro 9735 17 14 6 43
Camiguin 265 5 2 0 0
Sulu Archipelago — ? 7 2 29

Philippines
(excluding Palawan) 101 93 79 85
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directions. The isolated oceanic islands are generally depauperate, but usually
support one or more species of the endemic Philippine genera.

Quantitative regional similarities

In order to quantitatively evaluate the similarities of the fauna found on the
Sunda Shelf and Philippine islands, I utilized two measures of similarity. The
first was Jaccard’s index (Udvardy, 1969: 273), which is defined as
(CIN,+N,—=C) =R, where C=the number of taxa shared (in this case,
genera), N, = the number of genera in the smaller fauna, N, = the number of
genera in the larger fauna and R = the index of faunal resemblance. This index
is sensitive to species richness, underestimating the similarity of small to large
islands. A second index was calculated to compensate for this, Simpson’s index,
defined as (C/N,) = R. This index emphasizes the presence of the few genera
that occur on small islands and thereby inflates the measure of similarity when
the small islands have a few genera that are widespread. For both indices, a
given index is most meaningful in the context of a single island compared to a
series of others; i.e. the absolute value is of little utility without points of
reference. The faunal similarity indices (Table 7) were then subjected to
UPGMA cluster analysis (Fig. 3).

These analyses strongly support the existence of faunal regions defined by late
Pleistocene islands. On the basis of similarity at the generic level, there are three
groups of islands evident in both cluster analyses. The Sunda Shelf islands are
very similar to each other, and are not consistently clustered separately from the
Palawan group islands. The second group consists of Mindanao and the smaller
islands derived from Greater Mindanao. The third cluster consists of Luzon and
the isolated oceanic islands, which are alike in possessing a few very widespread
species and at least some of endemic Philippine murid rodent genera. The
Luzon and Mindanao clusters are themselves grouped together separate from
the Sunda Shelf and Palawan islands.

It should be noted that the standard errors associated with several clustering
nodes indicates that the ordering within the groups is not meaningful. For
example, in Fig. 3B, the Greater Sunda islands and Palawan islands are
intermixed in a way that is not statistically meaningful, as are islands in the
islands in the Luzon/oceanic group. Future analyses using species, rather than
genera, to form the similarity matrices would resolve many of these undefined
clustering sequences.

Influence of island size on faunal size and composition

Species richness and island area

Among non-volant mammals on islands on the continental shelf of SE Asia,
the number of species is highly correlated with island area (Heaney, 1984a), as
is typically true of species-area curves (MacArthur, 1972; Williamson, 1981).
Figure 4 shows that, in contrast, nearly all islands in the Philippines are
depauperate and as a group have a lower correlation between species richness
and area. However, islands that were part of a single late Pleistocene island
typically have a high species—area correlation. Landbridge islands in the
Palawan chain have fewer species than the Sunda Shelf reference group from
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Figure 4. Relationship of log of island area and log of number of indigenous species of non-volant
mammals on the Sunda Shelf in Malaysia and Indonesia (@); for Palawan chain islands (Q); for

Luzon and Mindanao group islands ([]); and for oceanic islands in the Philippines (A). Regression
data in Table 8.

Malaysia and Indonesia, but only slightly so. The slope of the regression line
(0.246) is almost identical to that of the shallow-water Sunda Shelf islands
(0.230; Table 8). The large islands in the Luzon and Mindanao groups have
smaller faunas than would islands of the same size on the Sunda Shelf, and also
have fewer species than islands of their size in the Palawan group (28 species
rather than 41 for Luzon, and 25 rather than 40 for Mindanao). However, small
islands in the Mindanao region (e.g. Dinagat and Maripipi) have about the
number of species expected for the Palawan group, but fewer than expected for
the Sunda Shelf islands. Islands that comprised Greater Luzon and Mindanao
appear to lie on a single regression line which is shallower in slope than the
Palawan group line (0.167 versus 0.246). Inspection of Fig. 4 suggests that the
difference in slope primarily reflects the depauperate faunas of Luzon and
Mindanao, relative to the Palawan group.

Table 8. Regression coefficients for species—area curves. Commensal
species were not included in analyses

Correlation

Region N coefficient Slope Intercept
Malay Peninsula (mainland) 6 0.85* 0.09 1.67
Sunda Shelf islands 14 0.97** 0.23 0.69
Palawan chain 4 0.95* 0.25 0.38
Mindanao and Luzon 4 0.97* 0.17 0.61
Isolated oceanic group 3 0.92 0.44 —-0.74
Endemic species (all regions) 14 0.75** 0.30 —0.63
*P < 0.05.

**P < 0.0l.
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The three isolated oceanic islands (Mindoro, Negros and Camiguin) lie below
the other regression lines; the correlation coefficient for these islands (0.922) is
high but not significant. Nevertheless, it is clear that isolated oceanic islands are
the most impoverished in the Philippines. It is interesting to note that the
relative degree of impoverishment (increasing from Mindoro to Negros to
Camiguin) parallels the approximate geological age of these islands (Mio-
Pliocene, Plio-Pleistocene, and Pleistocene—Recent, respectively). This correla-
tion implies that colonization of these islands has been very slow. A substantial
portion of Mindoro’s fauna is endemic (439%, of the 14 species), a lesser portion
of the smaller fauna of Negros is endemic (12.59%, of eight species) and neither of
the two species indigenous to Camiguin is endemic. The trend in endemism
correlates with the apparent age and the impoverishment of these islands. Thus,
the size of mammalian faunas on isolated oceanic islands in the Philippines is
correlated with the geological age of the islands. The older, less impoverished
faunas contain proportionately and absolutely more endemic species than the
newer, more impoverished faunas. The correlation between number of endemic
species and area is discussed in the next section.

In summary, the mid-Pleistocene islands of the Palawan chain have fewer
non-volant mammals than islands of comparable size on the shallow portion of
the Sunda Shelf, but the slopes of the regression lines are equal. Luzon and
Mindanao have fewer species than predicted from the Sunda Shelf or Palawan
species—area regressions, but smaller islands in the Mindanao group have species
numbers equivalent to those in the Palawan group. Isolated oceanic islands
have impoverished faunas, with geological age of the island positively related to
the degree of endemism and inversely related to the degree of impoverishment.

Endemism and island area
Island area and the number of endemic species within the study area are
highly correlated (Table 9, Fig. 5). As noted earlier, endemic species are

Table 9. Island area and number of endemic
species for islands in the study area that are known
to support endemics

Island No. of
name Area endemics
Borneo 743244 29
Sumatra 473607 7
Malay Peninsula 131676 3
Java 125628 7
Luzon 108171 19
Mindanao 99078 9
Negros 13670 1
Palawan 11785 11
Mindoro 9735 5
Leyte 7213 1
Dinagat 670 3
Jolo 345 1
Tawitawi 229 1
Ilin 47 1
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Figure 5. Relationship of island area and number of endemic non-volant mammals from islands
known to support endemics. @, Sunda Shelf island; x, all Philippine islands.

restricted to islands over 125000 km? on the continental shelf, but endemics
occur on islands down to 47 km? off the edge of the shelf (see also Lawlor,
1983). Inspection of Fig. 5 indicates that: (1) island faunas on the continental
shelf have a steeper slope to the endemic species—area curve than do the island
faunas off the edge of the shelf; (2) the mid-Pleistocene island of Palawan has
the highest relative level of endemism, but the geologically old oceanic island of
Luzon is nearly as high, and (3) at least one geologically young oceanic island
(Negros) has an unusually low level of endemism. More detailed and extensive
analysis should be done to determine the quantitative effects of island age,
degree of isolation and Pleistocene landbridge connections. These preliminary
data indicate that increasing island age and lack of landbridges generally
promote endemism, and the development of recent landbridges inhibits
endemism, but old landbridge islands such as Palawan may have unusually high
levels of endemism.

Faunal composition

Islands on the continental shelf show regular patterns in the composition of
their mammal faunas (Heaney, 1984a; Fig. 6); for example, these islands always
have about 109, of their fauna made up of primates, whether the island has 130
species or only eight. Rodents tend to be disproportionately well represented on
small islands, and carnivores under-represented; the other groups show no
significant trends.

The Philippine islands fit these patterns rather poorly (Fig. 6, Table 10). The
faunas of the Palawan islands generally fall within the range of the shallow-
water Sunda Shelf sample, except that they tend to have lower percentages of
rodents and higher proportions of carnivores. Luzon has an exceptionally large
rodent fauna, but small insectivore, carnivore and ungulate faunas. Mindanao
has a typical proportion of rodents, insectivores and primates but few
carnivores. Only the moderately small Dinagat has a fauna with the expected
species richness and faunal composition. Maripipi has a smaller proportion of
rodents and more primates than expected. Mindoro fits the composition pattern
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Figure 6. Proportionate composition of the mammal faunas of a set of reference islands on the
Sunda Shelf and on selected Philippine islands (@Sunda Shelf shallow-water islands; O, Palawan
landbridge islands; [, Luzon and Mindanao groups; A, Philippine oceanic islands. Data on Sunda
Shelf islands from Heaney (1984a). Data for Philippine islands from Table 10.

Table 10. Area and composition of the faunas (non-volant land mammals) of
selected Philippine islands. For each group, the number of native species (and
percentage of the fauna in parentheses) is given for each island

Log No. of species

(area)
Island Type* (km?) Total Insectivores Primates Rodents Carnivores Ungulates Dermoptera
Maripipi P 140 6 1 (16.7) 2(33.3) 1(16.7) 1(167) 0 1 (16.7)
Camiguin 0o 242 2 0 0 1(50.0) 1¢(500) O 0
Balabac L 249 10 2 (20.0) 1(10.0) 4(40.0) 1(100) 2(200) O
Culion L 260 9 1 (1L.1) 1 (11.1) 3(333) 2(222) 2(222) O
Dinagat P 28 15 2 (13.3) 1 (66) 8(533) 1 (6.6) 2(13.3) 1 (6.6)
Busuanga L 297 15 1 (6.6) 1 (66) 7(46.7) 5 (33.3) 1 (66) 0
Mindoro O 399 14 2 (14.3) 1 (7.1) 6(429) 2(143) 3214 O
Palawant L 407 23 2 (8.7) 1 (43) 10(43.7) 8 (34.7) 1 43) 0
Negros O 414 8 1 (12.5) 1(12.5) 1(125) 3(37.5) 2(250) O
Mindanao P 500 25 5(200) 2 (80) 13(520) 2 (80) 2 (8.0) 1 (4.0
Luzon P 503 28 1 (3.6) 1 (3.6) 22(786) 2 (7.1) 2 (7.1y 0

*L = Pleistocene landbridge island; P = Luzon and Mindanao groups; O = isolated oceanic island.
tThe Palawan fauna also includes Manis javanica, order Pholidota.
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better, differing from the Sunda Shelf pattern in having proportionately larger
carnivore and ungulate faunas. Negros and Camiguin are atypical in nearly all
respects; it should be recalled that these islands have markedly depauperate
faunas.

I conclude that islands in the Philippines lack the consistency and
predictability of community composition shown by the Sunda Shelf islands.
Islands in the Palawan chain are most like those on the Sunda Shelf, differing
most conspicuously in having more carnivores. Small islands in the Mindanao
chain sometimes have faunas similar to those on Sunda Shelf islands (Dinagat),
and sometimes not (Maripipi). Mindanao is moderately dissimilar, as is
Mindoro. Luzon is strongly dissimilar, as are the isolated oceanic islands of
Negros and Camiguin.

Rates of colonization

The geological data cited above strongly indicate that all of the Philippine
islands except Greater Palawan have had no landbridge connections to the
Asian continent, i.e. they have arisen de novo from the ocean floor. The high
proportion of rodents (especially murids) in the Philippines led Darlington
(1957) to suggest that all of the non-volant mammals arrived there by rafting or
swimming, except for a few that were introduced by humans. The large number
of endemic species and genera suggests that at least some species originated as a
result of speciation by colonizers, so that the number of colonizers need not have
been great. Further, the degree of divergence of some groups (especially the
murids and insectivores) indicates that colonization may have begun long ago.
However, we need to know if clear evidence exists that overwater colonization
does occur.

The obvious places to turn for such evidence are the isolated oceanic islands.
These islands are largely volcanic in origin and are often surrounded by water
over 300 m deep. If colonization over salt water does occur, there should be
terrestrial mammals on these islands. This is clearly true: Negros has eight
native species and Mindoro has 15 native species. A single native murid is
known from Camiguin, as well as a small carnivore (Heaney, 1984b). All of
these islands are also known to support bats and commensals. However, the
oceanic islands are depauperate, and conspicuous, frequently taken species such
as tree squirrels, flying lemurs and tree shrews have not been obtained and
probably do not occur on any of the oceanic islands. The great majority of
species on these oceanic islands are murids, indicating that they have better-
than-average colonizing ability.

Thus, there is clear evidence of natural dispersal across salt-water channels.
As discussed above, the degree of impoverishment of these islands is inversely
correlated with geological age of a given island. This implies that colonization is
very slow, with species accumulating over long periods of time. Mindoro, with
14 native species, has existed since Mio-Pliocene times, ¢. 8~10 Ma BP; Negros,
with eight species, originated during Plio-Pleistocene times, ¢. 1-4 Ma BP; and
Camiguin, with two native species, originated as a single volcano during the
Pleistocene, less than 1 Ma BP. Minimum estimates for the ages of the islands as
moderately large areas are not available, but are unlikely to be less than one-
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fourth of maximum age. Thus, successful colonization can be estimated as being
on the order of magnitude of once per quarter-million to half-million years. All
of these islands were separated during the late Pleistocene from larger, more
speciose islands by no more than 15 km of sea water.

Given the low but real potential for colonization and the great geological age
of Luzon, and possibly Mindanao, it is conceivable, and indeed likely, that the
Philippine fauna (expect that of Palawan) is derived entirely from over-water
immigrants.

Human influence on mammalian dispersal

The preceeding discussions have not dealt with an important variable in
dispersal: transportation by humans, either accidental or purposeful. Musser
(1977a) listed six species of commensal murid rodents, all of which he believed
were introduced to the Philippines. To these may be added an insectivore, the
house shrew (Surcus murinus), which has been transported into the Pacific as far
as Guam (Heaney, unpubl. obs.). All of the species but one (Rattus nitidus) are
widespread in SE Asia and much of Australasia, most occur in all faunal regions
of the Philippines (Musser, 1977a) and most show no conspicuous variation
within the Philippines (an exception is Rattus exulans).

Darlington (1957: 504) pointed out that the few non-endemic, non-
commensal species on Luzon are among the very few non-volant species that
occur on both sides of Wallace’s Line further south. All of these species are
economically important as food sources by humans: pigs, monkeys and civet
cats. On this basis, Darlington suggested that they were introduced to Luzon.
Groves (1983) has summarized evidence that pigs (Sus) were often transported
from island to island in Australasia, with introductions dating as early as 4000
BP. He also showed evidence that Macaca, Paradoxurus and Viverra were
transported widely (Groves, 1984). If these species have been introduced into the
Philippines, then only three ungulates and one carnivore are indigenous to all of
the Philippines, except for species on the Palawan chain. The one certainly
indigenous ungulate, the endemic dwarf water buffalo, is confined to Mindoro;
the other two indigenous species are deer of the genus Cervus (Grubb & Groves,
1983). The native carnivore, the tiger cat (Felis bengalensis), occurs only on
Palawan, which was connected to Borneo, and on Cebu, Negros and Panay,
which made up a single isolated island during the late Pleistocene.

When the potentially introduced species are subtracted from the lists of non-
volant mammals on Philippine islands, the effect is staggering. Negros, a
tropical island the size of the state of Connecticut, may have only five native
non-volant mammals! Yet Negros lies only 30 km from Mindanao, which has at
least 22 native species. If Macaca, Paradoxurus, Viverra and Sus are removed from
the faunal similarity analyses discussed earlier, the result is to increase the
distinctiveness of each of the Philippine faunal regions and to decrease their
already low level of similarity to the Sunda Shelf islands. It also distinguishes
the Philippine islands (excluding those of the Palawan chain) from islands on
the Sunda Shelf in faunal composition (Fig. 6) by increasing the relative
proportions of rodents and insectivores and greatly decreasing the proportion of
carnivores, primates and ungulates. Removing these species from faunal lists
would also serve to make the isolated oceanic islands even more impoverished
and to lower the estimate of colonization rates still further.
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Origin of the Philippine fauna

Having concluded that dispersal over salt water does occur, we might ask
where the non-volant mammals originated. We may begin this by asking what
the distribution of congeneric species of indigenous Philippine mammals is. This
approach excludes nearly all of the murids, the largest portion of the Philippine
fauna, because most are endemic; they are discussed below.

Table 11 contains a list of 14 genera that occur both in the Philippines and
elsewhere. Two of the genera (Crocidura and Rattus) are widespread, and so
provide little insight. One genus (Crunomys) occurs only in the Philippines and
on Celebes and one (Tarsius) occurs in the Philippines, Sunda Shelf and the
Celebes. The remaining nine Philippine genera have their closest relatives on
the Sunda Shelf. These data indicate that the majority of mammalian genera
entered the Philippines from the continental shelf of Asia, probably via Borneo.

It is worth noting that there is no evidence that mammals have entered the
Philippines from the north, via Taiwan, as suggested by Misonne (1969). In
fact, the only genera shared by Taiwan and Luzon are Crocidura and Rattus,
which are extremely widespread, plus the potentially introduced genera
discussed above.

Detailed analysis of relationships within and among genera of SE Asian
mammals are now under way, so that a few examples can be cited for use in
‘track analysis’ (Nelson & Platnick, 1981) of dispersal. One such study involves
pygmy squirrels, genera Exilisciurus and Nannosciurus (Heaney, 1985a). Moore
(1959) suggested a complicated pattern of biogeographic distribution and
relationship involving the pygmy squirrels and two genera of tree squirrels on
the Sunda Shelf, Philippines and Celebes. A more comprehensive analysis
demonstrated a simpler situation, in which pygmy squirrels originated on the

Sunda Shelf and a single species dispersed into the Philippines from Borneo
(Heaney, 1985a).

Table 11. List of selected indigenous non-volant mammal genera

from the Philippines, with notation of their closest relative and

the place of that relative’s occurrence. Taxa from the Palawan
group are excluded

Nearest
Philippine Closest occurrence
genus relative of relative Source
Podogymnura Echinosorex Borneo Heaney & Morgan, 1982
Urogale Tupaia Borneo
Crocidura Crocidura Widespread
Tarsius Tarstus Borneo & Celebes
Cynocephalus Cynocephalus Borneo
Sundasciurus Sundasciurus Borneo Heaney, 1979
Exilisciurus Exilisciurus Borneo Heaney, 1985a
Petinomys Petinomys Borneo
Hylopetes Hylopetes Borneo
Anonomomys Haeromys Borneo/Palawan Musser & Newcomb, 1983
Rattus Rattus Widespread
Crunomys Crunomys Celebes Musser, 1982¢
Felis Felis Borneo

Bubalus Bubalus Borneo Groves, 1969
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As has often been noted, the family Muridae is represented in the Philippines
by a large and diverse assemblage of species. Current studies (Musser, Heaney
& Rabor, 1985; Musser & Heaney, unpubl. obs.) indicate that the 40 known
species, representing 15 genera, are members of seven different clades that
represent a maximum of seven and a minimum of five colonization events. Each
clade is derived from a group of murids that is most diverse on the Sunda Shelf
and appears to have originated in that region. It is not clear from the available
data whether these clades entered the Philippines via the Palawan route or the
Sulu route, but there is no evidence for their arrival from Celebes, New Guinea
or Taiwan.

In summary, all of the available data indicate a Sunda Shelf origin for the
Philippine fauna of non-volant mammals. Among the possible source areas for
Philippine mammals, the Sunda Shelf is the closest; this reinforces the
conclusion derived earlier regarding the rarity of successful colonization across
broad salt-water channels. The species-richness and taxonomic divergence of
Philippine clades varies greatly, suggesting that colonization has occurred over a
long period of time.

Extinction rates

During the middle and late Pleistocene periods of low sea level, large areas in
SE Asia were joined to the Asian continent as a continuous land mass. The
species—area relationship on this land area may be approximated by comparing
forest reserves of differing sizes on the Malay Peninsula, which remains a part of
the mainland today. Figure 7 shows that on the mainland the number of species
declines slowly with area; a forest reserve of 10 km? has, on average, 51 of the
120 species (439%,) that occur in peninsular Malaysia. In contrast, a late
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Figure 7. Comparison of species—area curves for mainland reference areas on the Malay Peninsula
(&), shallow-water Sunda Shelf islands (@) and Palawan chain islands (). The asterisk
represents Sipora Island, Mentawi Archipelago. Regression data in Table 8.
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Pleistocene island of 10 km? typically has only four or five species, only 49, of
the species on an area of the same size on the mainland. This reduction in
species on the islands of the Sunda Shelf is due to extinction that has occurred
since the islands became isolated from the mainland, an average of 12000 years
ago. For an ‘average’ island of 10000 km?, it is a reduction of 619%,, from 104
species to 41; this is an average of 50%,/10000 years. In an earlier study, I used
the time of isolation of landbridge islands (as determined by the depth of the
surrounding water) to investigate rates of extinction (Heaney, 1984a). I
concluded that extinction probably occurred rapidly after isolation (during the
first few thousand years), occurring more slowly thereafter, but I was unable to
measure extinction over longer periods of time.

A unique set of circumstances in SE Asia allows rough estimation of very
long-term extinction rates. As discussed above, the islands in the Palawan chain
have been separated from Borneo for about 160 000 years (Heaney, 1985b). The
difference between the species—area curves for the Palawan group and the
mainland is thus the result of about 160000 years of extinction. The three lines
in Fig. 7 are, in effect, a time series: mainland conditions, the result of 12000
years of extinction, and the result of an additional 150 000 years of isolation.

Islands in the Palawan group have consistently fewer species than do islands
in the Sunda Shelf group (Fig. 7). To continue the example given above, an
island of the Palawan group of 10000 km? typically has 23 species, or 229, of
the 104 species on a comparable area on the mainland, and 56%, of the 41
species on an island on the shallow Sunda Shelf. In other words, 789, of the
fauna has become extinct in 160000 years. However, as noted above, about
619, probably became extinct during the first 12000 years and the rest (179,)
during the next 150000 years. For the period of 150000 years following the
initial flush of extinction this is a rate of 1.2 species/10000 years (17/150000), or
1.19%,/10000 years. Because the species—area lines are nearly parallel, the
percentage of extinction on the middle Pleistocene islands in the Palawan chain
appears to have been very nearly constant, regardless of island size; the number
of species, however, varies with island area.

The estimates of extinction rates for an island of 10000 km? are thus
509/10000 years for the period immediately following isolation, and
1.1%,/10000 years for the next 150000 years. These estimates are shown in
Fig. 8. The line is my estimation of the shape of the curve these points represent,
with extinction initially high, but rapidly dropping off to a low but persistent
level. The precise shape of the curve is unknown.

This method of estimating extinction assumes that colonization is absent. The
estimate for colonization in the Philippines given above was a maximum of one
event per quarter-million years. This implies that one or two species in the
Palawan chain could be recent arrivals; if this is true, then the figures given here
for extinction are slight underestimates.

A test of this interpretation of extinction rates is possible in SE Asia. Islands in
the Mentawi Archipelago are separated from western Sumatra by water
¢. 150 m deep, and so should have been isolated from the mainland since the
middle Pleistocene. This leads me to predict that the Mentawi islands will show
faunal characteristics similar to the Palawan chain islands. This much is true:
(1) the number of species on the one adequately surveyed island (Fig. 7, Table
12) falls in the range represented by the Palawan group; (2) it has a large
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Figure 8. Extinction rate for non-volant mammal faunas in SE Asia. The two filled circles are data
points discussed in the text; the curved line is an estimate of actual extinction rates for an island of
10000 km? following isolation from the mainland.

proportion of endemics (¢. 50%,); and (3) the closest relatives of all (or nearly
all) of its species are on the Sunda Shelf. The Mentawi archipelago is still poorly
known but its importance for documenting the zoogeographic and evolutionary
effects of isolation on landbridge faunas, and the need for full and careful
surveys, should now be clear.

Speciation in the Philippines

Once a species arrives in the Philippines, it finds itself in a highly fragmented
archipelago. Species that occurred there during or before the late Pleistocene
experienced dry land connections to many islands, but populations later became
disjunct as sea level rose. We might then ask, have these vicariance processes
induced speciation to occur in the Philippines? In this discussion, I exclude the
islands of the Palawan group.

This question may be addressed initially by asking whether the endemic
genera contain more species than the non-endemic genera. This approach
assumes that endemic genera have been in the Philippines longer than the non-
endemics and that the probability of speciation increases with time. The results
clearly indicate the occurrence of speciation among the endemics: of 19 endemic
genera, the mean number of species is 2.1 (s.p = 1.7) with a range of 1-8
species; 539, of the genera have two or more species. The 15 non-endemic
genera have a mean of 1.6 species (s.0 = 1.8), with a range of 1-8; but only two
genera (139%,) have more than one species. I suspect that the estimate of eight
species in Crocidura is too high, based on my preliminary examination of
specimens. If Crocidura is removed, the mean number of species in non-endemic
genera falls to 1.1 (s.0 = 0.5).

In a study of murid relationships mentioned earlier, Musser & Heaney
(unpubl. obs.) have shown that the 40 known species and 15 genera of native
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Table 12. Mammals known to occur on
Sipora Island, Mentawi Archipelago
(from Musser & Heaney, 1985; Musser
& Newcomb, 1983; Honacki et al., 1982)

Area (km?) 594
Elevation (m) 302
Depth to Sumatra (m) 150
Distance to Sumatra (km) 110

Insectivora
Tupaia ghs
Primates
Presbytis potenziani**
Nasalis concolor**
Hylobates klossii**
Rodentia
Callosciurus melanogaster**
Lariscus insignis
Sundasciurus lowti
Petinomys hageni
Hylopetes sipora**
Tomys horsfieldii
Leopoldamys siporanus**
Maxomys pagensis**
Rattus lugens**
Rattus rattus*
Carnivora
Paradoxurus hermaphroditus
Hemigalus derbyanus
Artiodactyla
Cervus unicolor

Total non-volant species 17
Total indigenous species 16

*Introduced commensal species.
**Species endemic to the Mentawi Archipelago.

murids in the Philippines (excluding the Palawan chain) represent between
seven and five separate colonizations from the Sunda Shelf. Thus, each
colonization resulted in an average of five or six species. However, most
Philippine murids are members of a single clade that contains 26 species; the
other clades contain only two to five species. Sixteen of the 28 species native to
Luzon, or 579%,, are members of the largest clade, showing the tremendous
importance of indigenous speciation.

There is some evidence that speciation processes have resulted in increased
species richness on the middle Pleistocene islands of the Palawan chain. There
are two named species of squirrels (Sundasciurus steeri group) that are parapatric
on Palawan Island. There are no specimens from the probable area of contact,
but there is no evidence of intergradation and each population appears to be
morphologically homogeneous (Heaney, 1979; unpubl. obs.). Whatever the
method of differentiation (i.e. parapatric or allopatric), it appears that these
populations now function as biological species. This has taken place in the
¢. 160000 years since isolation of the Palawan chain from Borneo.
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DISCUSSION

The mammalian fauna of the SE Asian islands has been affected in complex
ways by the size, isolation and geographical history of the islands. The
Philippine islands (excluding Palawan) are the most isolated of the islands
considered here, having arisen de novo from the sea floor. The Palawan chain has
been less isolated, having been joined to Borneo by a broad landbridge during
the mid-Pleistocene. Non-volant mammals have entered the archipelago
predominantly from Borneo, which is the nearest continental shelf land mass, by
dispersal over narrow salt-water barriers. These barriers continue to be the
major factors defining the distributions of species. Extinction on the Palawan
chain was probably very high following its initial isolation from Borneo, but
after about 160000 years it retains a large and diverse fauna in which extinction
is low and speciation does occur. Speciation elsewhere in the region has
contributed substantially to the total faunal richness, with 55-709%, of the fauna
of Luzon having arisen in such a manner.

The results of this study indicate that the rate of colonization by non-volant
mammals across landbridges is typically quite high. On the Sunda Shelf islands,
levels of endemism are low and most endemics are limited to montane
vegetation; nearly all lowland species are widespread. In the Philippines, small
islands that were part of the late Pleistocene island of Greater Mindanao share
the same species and populations of some species (e.g. pygmy squirrels; Heaney,
1985a) on different islands are nearly indistinguishable. On the other hand,
narrow sea-water channels between islands have served as major, nearly
insurmountable barriers to many non-volant mammals. Large but geologically
young islands separated from rich faunal sources by 5-20 km of sea water have
extremely depauperate faunas. For a large island such as Negros, with about
five indigenous species, a rough estimate of one colonization event per 250000
years is likely to be a maximum rate. Data from Mindoro and Camiguin support
this estimate.

Because the fossil record from the Philippines is very poor it is not possible to
measure directly the rate of extinction. However, a comparison of two sets of
islands provides an estimate. The Palawan chain was isolated from Borneo
about 160000 years ago, whereas islands on the central Sunda Shelf were
isolated only about 10000 years ago. The fauna of the Palawan chain is about
509, smaller than the faunas on comparably sized islands that are on the
shallow portion of the shelf, so that an estimate of 1-29, extinction/10000 years
is indicated.

Given the low colonization rate and non-trivial extinction rate, how is it that
an isolated island such as Luzon has any non-volant mammals at all? The data
cited above clearly demonstrate that speciation is the crucial variable. At least
559, of the non-volant mammals on Luzon have resulted from speciation within
the archipelago, and an estimate of 709, may be more accurate.

Goals and unanswered questions

Earlier in this paper I posed four major questions. The first of these
addressed the need for estimates of actual rates of colonization and extinction,
and these have been calculated. The second question addressed the equality of
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these rates; given the estimate of one successful colonization per ¢. 500 000 years
and a rate of extinction on large, old landbridge islands of 1-2 species/10 000
years, but varying depending on the island’s size, it seems unlikely that they are
often equal. The third question addressed the role of speciation and its
interaction with the prior variables. It is apparent that speciation within
archipelagos is a major generative factor among SE Asian mammals; on Luzon,
for example, speciation has exceeded colonization by a factor of about two to
one. However, the matter of an interaction between speciation and colonization
has not been addressed. Does speciation occur more rapidly in depauperate than
in species-rich archipelagos? At what rate does speciation occur under these
extreme conditions? How is speciation influenced by island size, habitat
diversity and geological history (including sea level change)? Answers to these
questions are not available.

The data discussed here demonstrate that colonization, extinction and
speciation all play crucial roles in determining species richness patterns among
insular mammal faunas in SE Asia. It is apparent that all three variables must
be incorporated into any general model that attempts to explain the diversity of
mammalian faunas on islands. Several authors (e.g. Wilson, 1969) have
suggested that the combination of these three ecological and evolutionary
processes could produce faunas that are in trivariate equilibrium, rather than
the bivariate equilibrium of MacArthur & Wilson (1967). I view the
development of such a model as an essential goal for biogeography if we are to
have a predictive model that is applicable to more than a few systems
characterized by highly vagile species and short time spans. Development of
such a model requires an increased emphasis on obtaining data on long-term
patterns of the three crucial variables and makes apparent the need for
accurate, detailed analysis of phylogenetic relationships of species. Without these
data, it will be impossible to measure or model actual rates of colonization or
speciation. Such a model lies well outside the realm of the traditional
equilibrium model, or more precisely, the equilibrium model would be a special
case of this more general (hypothetical) model. Vicariance biogeography (e.g.
Nelson & Platnick, 1981) provides the framework for quantification of
speciation, and integration of the two models could be richly rewarding.

This study has provided an outline of the long-term dynamics of species
richness of insular mammals. The estimates presented here, often the first of
their kind, point the way for future research. The following topics, questions and
empirical problems are ones that I believe are especially pertinent to further
advancement of island biogeography. The comments are grouped under the
general headings of extinction, colonization, speciation and endemism.

The estimate of long-term extinction rates given here is the first of which T am
aware (but see Wilcox, 1978, for post-Pleistocene rate of extinction among
lizards). More survey work is needed in mid-Pleistocene island chains to provide
data for measurement of the influence of such factors as climatic regime and
level of species richness on extinction rates. The ecological basis of extinction has
been alluded to in this paper and elsewhere (e.g. Diamond, 1984; Patterson,
1984), but more detailed investigation of the mechanisms, especially those
regarding the roles of body size, trophic level and population size, are badly
needed (e.g. Heaney, 1978).

The estimates of colonization rate over evolutionary time provided here and
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by Morgan & Woods (1986) appear to be the first of their kind for mammals.
Each is based on only a few islands, many of which are about the same distance
to source areas. More oceanic islands must be surveyed to provide quantitative
estimates of the influence of island size, geological age and distance on
colonization rates. Wallacea appears to be the ideal place to conduct such
research because of the unique configuration of islands. It is also essential that
repeated surveys be done to provide data on turnover rates, which Morgan &
Woods (1986) and I have had to disregard due to lack of data. The sole set of
turnover data currently available for vertebrates on isolated islands comes from
Krakatau Island, but these data do not include repeated thorough surveys of
mammals (Simkin & Fiske, 1983).

The frequency of adaptive radiation in isolated archipelagos is axiomatic in
Darwinian evolution (e.g. Carlquist, 1974; Patton, 1984), but it is rarely directly
included in studies that utilize the equilibrium model (but see MacArthur &
Wilson, 1967: 173). We need more phylogentic analyses to allow measurement
of indigenous speciation rates in order to determine the effects of body size,
trophic level and other variables on speciation rate. Data in this paper lead me
to predict that speciation rate will be related to colonization rate in a complex
fashion, with speciation rate initially increasing as colonization rate increases to
some low level (providing the raw material for speciation), and decreasing
thereafter as colonization rate increases. I know of no data that could be used to
test this prediction, but its testing is fundamental to development of the
trivariate equilibrium model discussed earlier.

Trends in endemism related to age, isolation and area of islands have been
discussed here, but sample size was small and only rudimentary statistical
analysis was attempted. A correlation between area and percentage endemism
has been noted among birds (see MacArthur & Wilson, 1967: 174; Case &
Cody, 1983: 334) but not previously noted among mammals. A quantitative
analysis of a larger data set is needed.

Finally, I must add an explicit plea for research of the most fundamental sort.
All of these studies are predicated on the availability of accurate taxonomic data,
and yet the distributions and systematic relationships of many, if not most,
insular mammals are poorly known, especially in the tropics. Theoretical
advances in island biogeography are currently impeded by insufficient empirical
data.

Caveat: long-term insular stability and equilibrium

I must end with a caveat. The trivariate equilibrium model discussed here
would have great theoretical and heuristic value, but I doubt that such
equilibrium conditions often exist among insular mammal faunas. In the data
presented above, I found evidence that the important processes in mammalian
island biogeography often take place over thousands or millions of years. If these
time spans are typically necessary for equilibrium to be achieved, then
equilibrium will be rare, because major geological and climatic processes occur
on the same time scale. Island arcs, for example, are intrinsically unstable,
resulting from dynamic, ongoing tectonic processes, and habitat islands change
in size and position as climate changes on a global scale. The appropriate
model, then, becomes one of dynamic disequilibrium, in which geological and
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climatic processes are always a step ahead of the biotic systems, and faunas, in
effect, chase their changing equilibrium point through time, always a step or
two out of phase.

Nevertheless, the equilibrium model remains an invaluable point of departure
for a study such as this. By raising questions about rates of colonization and
extinction other questions are raised, and these new questions may point the
way to a new holistic model of island biogeography.

Implications for conservation biology

Modern conservation biology has two fundamental goals: (1) preservation of
natural communities that are representative of the biotic regions of the world;
and (2) prevention of extinction of species. Several conclusions drawn in this
paper have direct implications for the conservation of non-volant mammals in
SE Asia.

First, each area that is defined by historical events (e.g. Pleistocene islands) is
likely to support endemic species. Even small islands often support endemics.
Preserves should be situated to maximize protection of these centres of
endemism.

Secondly, within a given biotic region (such as those defined by Pleistocene
islands) most species of mammals will occur on the largest islands. Reserves
might profitably be located on these high-diversity islands.

Thirdly, extinction is area dependent; thus, large parks will support more
species than small parks (e.g. the SLOSS debate; see Newmark, 1986).
Carnivores and large-bodied species are especially susceptible to area-dependent
extinction, and they may often require special protection and management
efforts.

Fourthly, most extinction in reserve areas will probably take place within
several hundred years after isolation of the reserve from other suitable habitat.
Given the evidence presented here for high colonization rates across suitable
habitats and very low colonization rates across hostile habitats, the preservation
of corridors between reserves appears to be an important management tool.

Fifthly, colonization and speciation by non-volant mammals usually occur on
a time-scale that prevents them from being useful to conservation biologists.
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Appendix. Lists of the non-volant mammals of Java and Sumatra. A single
asterisk denotes introduced species and two asterisks denotes endemic species

JAVA
Insectivora
Hylomys suillus, Crocidura attenuata, Crocidura fuliginosa, Crocidura maxi, Crocidura monticola, Suncus murinus*, Tupaia
glis, Tupaia javanica

Dermoptera
Cynocephalus variegalus

Primates
Nycticebus coucang, Macaca fascicularis, Preshytis aygula, Presbytis cristatus, Hylobates moloch

Pholidota
Manis javanica

Lagomorpha
Lepus nigricollis*

Rodentia

Callosciurus nigrovittatus, Callosciurus notatus, Lariscus insignis, Nannosciurus melanotis, Ratufa bicolor, Hylopetes lepidus,
lomys horsfieldii, Petaurista elegans, Petaurista petaurista, Petinomys bartelsi**, Petinomys sagitta, Bandicota bengalensis*,
Bandicota indica*, Chiropodomys gliroides, Kadarsanomys sodyi**, Leopoldomys sabanus, Maxomys surifer, Maxomys
bartelsit**, Mus castaneus®, Mus caroli*, Mus cervicolor®*, Mus vulcani**®, Niviventer bukit, Niviventer cremoriventer,
Niviventer lepturus**, Pithecheir melanurus**, Rattus argentiventer®, Rattus exulans®, Rattus norvegicus*, Rattus rattus*,
Rattus tiomanicus, Sundamys maxi**, Hystrix javanica

Carnivora

Cuon alpinus, Aonyx cinerea, Martes flavigula, Melogale orientalis, Mustela lutreolina, Mydaus javanensis, Arctictis
binturong, Arctogalidia trivirgata, Herpestes javanicus, Paradoxurus hermaphroditus, Prionodon linsang, Viverricula indica,
Felis bengalensis, Felis viverrina, Panthera pardus, Panthera tigris

Perissodactyla
Rhinoceros sondaicus
Artiodactyla
Sus verrucosus, Sus scrofa, Tragulus javanicus, Cervus timorensis, Muntiacus munijak, Bos javanicus, Bubalus babalis*
Total non-volant species 73
Total introduced species 12
Total native species 61
Number of endemic species 7
SUMATRA
Insectivora

Echinosorex gymnurus, Hylomys suillus, Chimarrogale platycephala, Crocidura attenuata, Crocidura fuliginosa, Suncus
murinus*, Ptilocercus lowii, Tupaia glis, Tupaia javanica, Tupaia minor, Tupaia tana

Dermoptera
Cynocephalus variegatus

Primates
Nycticebus coucang, Tarsius bancanus, Macaca fascicularis, Macaca nemestrina, Preshytis cristatus, Presbytis melalophos,
Presbytis thomasi**, Hylobates agilis, Hylobates lar, Symphalangus syndactylus, Pongo pygmaeus

Pholidota
Manis javanica

Lagomorpha
Nesolagus netscheri**

Rodentia

Callosciurus albescens**, Callosciurus nigrovittatus, Callosciurus notatus, Callosciurus prevosti, Lariscus insignis, Lariscus
niobe (Musser, ms.), Nannosciurus melanotis, Ratufa affinis, Ratufa bicolor, Rhinosciurus laticaudatus, Sundasciurus
hippurus, Sundasciurus lowti, Sundasciurus lenuis, Aeromys tephromelas, Hylopetes lepidus, Tomys horsfieldi, Petinomys
genibarbis, Petinomys hageni, Petinomys setosus, Petaurista elegans, Petaurista petaurista, Pteromyscus pulverulentus,
Rhizomys sumatrensis, Bandicota bengalensis*, Berylmys bowersii, Chiropodomys gliroides, Lenothrix canus, Leopoldamys
edwardsi, Leopoldamys sabanus, Maxomys hylomyoides**, Maxomys inflatus**, Maxomys rajah, Maxomys surifer,
Maxomys whiteheadi, Mus caroli*, Mus castaneus*, Mus cervicolor*, Mus crociduroides**, Niviventer bukit, Niviventer
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cremoriventer, Niviventer rapil, Ratlus annandalei, Rattus argentiventer*, Rattus baluensis, Rattus exulans*, Rattus
hoogerwerfi**, Rattus norvegicus®, Rattus rattus*, Rattus tiomanicus, Sundamys infraluteus, Sundamys muelleri, Hystrix
brachyura, Hystrix sumatrae**, Trichys fasciculata

Carnivora

Cuon alpinus, Helarctos malayanus, Aonyx cinerea, Arctonyx collaris, Lutra lutra, Lutra perspicillata, Lutra sumatrana,
Martes flavigula, Mustela lutreolina, Mustela nudipes, Mydaus javanensis, Arctictis binturong, Arctogalidia trivirgata,
Cynogale bennettii, Hemigalus derbyanus, Herpestes brachyurus, Herpestes semitorquatus, Paguma larvata, Paradoxurus
hermaphroditus, Prionodon linsang, Viverra tangalunga, Viverricula indica, Felis bengalensis, Felis marmorata, Felis
planiceps, Felis temminckii, Felis viverrina, Neofelis nebulosa, Panthera tigris

Proboscidea
Elephas maximus

Perissodactyla

Dicerorhinus sumatrensis, Rhinoceros sondaicus, Tapirus indicus

Artiodactyla

Sus barbatus, Sus scrofa, Tragulus javanicus, Tragulus napu, Cervus unicolor, Muntiacus muntjak, Capricornis sumatraensis
Total non-volant species 119

Total introduced species 9

Total native species 110

Number of endemic species 7




