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appearance of these taxa. Conßict between molecular
clock estimates and the fossil record must be judged in
light of the temporal and spatial sampling of the fos-
sil record (Foote et al., 1999; Tavar«e et al., 2002). We are
unaware of any quantitative evaluation of the quality
of the rodent fossil record, but given the spatial and
temporal patchiness of the record for many mammalian
groups, particularly in southern continents and the trop-
ics (Tavar«e et al., 2002), we Þnd the discrepancy between
recent molecular dates (including ours) and those im-
plied by the literal interpretation of the fossil record to be
unsurprising. Given the observation that none of these
fossils have been placed phylogenetically, and that the
dental characters used to identify them are ambiguous
and possibly convergent (Denys et al., 1995; Jansa and
Weksler, 2004), we prefer the conservative interpretation
that the appearance of Progonomysat 12 Mya represents
the minimum date of divergence for the murine radia-
tion. Our estimated dates of divergence are in line with
those inferred from recent molecular dating studies that
employ relaxed-clock methods (see citations above) and
predate those inferred by Steppan et al. (2004) by 7 to 10
My. Future analyses including additional rodent species,
calibration points, and sequence data will be necessary
to reconcile this discrepancy.

Biogeography

The Philippine archipelago Þrst originated as land
above sea level during the late Eocene or early Oligocene,
but much of the growth of the islands was the result of
tectonic and volcanic activity during the Miocene and
Pliocene. All islands except Palawan are of oceanic ori-
gin and have never been connected to the Asian main-
land. The geological history of the archipelago over the
last 25 million years is extraordinarily complex (Hall,
1996, 1998, 2002). Volcanic activity and tectonic uplift
have formed new islands and added to existing ones,
tectonic motion has moved island fragments through-
out the region, and sea level changes have caused the
joining and fragmentation of land masses. Each of these
geological factors may have played a role in restricting
or facilitating dispersal among islands and in the au-
tochthonous diversiÞcation of murines in the Philippines
(Heaney, 1986, 2000; Heaney and Rickart, 1990; Steppan
et al., 2003).

Musser and Heaney (1992) hypothesized that the
Philippine murines colonized the islands from the Asian
mainland in at least two waves, the Þrst giving rise to
the Old Endemic taxa with a subsequent wave found-
ing the New Endemics. They suggested that the Old
Endemics may have originated during the Miocene and
early Pliocene, Òduring that time when clusters of land
began to appear above sea level to form insular pre-
cursors of the present-day ArchipelagoÓ (Musser and
Heaney, 1992:56), whereas the New Endemics arrived
much later during the late Pliocene or early Pleistocene,
though they cautioned that this estimate was Òpure spec-
ulation based on known sea level loweringsÓ (Musser
and Heaney, 1992:95). By adding a time dimension to our

phylogenetic hypothesis, we can explicitly test these hy-
potheses and address whether certain geological events
may have played a role in shaping the diversity of murine
rodents in the Philippines.

Our divergence time analysis suggests that murine ro-
dents originated ca. 22.6– 4.3 Mya and that the earliest
Old Endemic clade (clade E) arose on the Philippines
shortly thereafter (ca. 18.7– 3.8 Mya; Table 5). Accord-
ing to our analysis, the second clade of Old Endemics
(clade D) must have arisen subsequent to clade E (15.8–
3.4 Mya; Table 5); however, our analysis does not provide
sufÞcient precision to distinguish between the times of
origin for these two clades (Fig. 3, inset). Recent results
(Steppan et al., 2005) suggest that a clade comprising
murine taxa from New Guinea subdivides the branch
leading to the Philippine taxa in clade D. Therefore, our
estimate for the origin of this Philippine clade may be
too old. However, these New Guinean taxa appear to bi-
sect the branch leading to Philippine taxa in clade D (see
Fig. 6 in Steppan et al., 2005), and based on our chrono-
gram (Fig. 3) our estimate is likely no more than 2.4 My
too old. We clearly identify a second wave of dispersal
into the islands to found the genus Bullimus(clade B) and
the taxa in Clade A (Fig. 3, inset). Although our tree indi-
cates that these were separate invasion events, we cannot
distinguish between the times of origin for clades A and
B (Table 5); they both occurred around 3.1 – 1.3 Mya. We
date the origin of Crunomys(clade C) in the Philippines at
7.1– 2.2 Mya, but note that the conÞdence interval from
the IRBP parametric Bayesian (PB) analysis for this esti-
mate overlaps with those from the New Endemic clades
A and B (Fig. 3, inset). Moreover, this may be an overes-
timate for this cladeÕs origin into the Philippines as we
lack samples from two species of Crunomys, including
the single species native to Sulawesi.

Our results conÞrm that there have been at least two
periods when murines colonized the Philippines, one 15
to 20 Mya during which the ancestors of the Old En-
demics arrived, and one approximately 3 Mya when the
founders of the New Endemic lineages arrived (Fig. 3,
inset). Our phylogenetic hypothesis suggests that there
were multiple invasions during both of these time peri-
ods: at least two invasions were required to found the
Old Endemic clades (clades D and E), and at least three
to found the New Endemic lineages (clades A, B, and
C). Further, our results conÞrm that most of the diver-
sity of Philippine murines is associated with speciation
that took place within the archipelago, with the two Old
Endemic clades producing at least 15 and 25 species (the
ÒfolivoreÓ and ÒvermivoreÓ clades, respectively), and the
three New Endemic clades producing 3 to 5 species each.
Additionally, our results support earlier conclusions that
the diversiÞcation took place over periods of time mea-
sured in millions of years, not during the middle and
late Pleistocene but during the Pliocene and Miocene,
and that the dynamics of species richness is best mea-
sured on that timescale (Heaney, 1986, 2000; Heaney and
Rickart, 1990; Steppan et al., 2003).

The geography of the Philippine archipelago during
the timespan corresponding to the colonization of the
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APPENDIX 1

SPECIMEN INFORMATION

Museum numbers of voucher specimens and GenBank accession
numbers are listed below. Voucher numbers are listed Þrst, followed by
GenBank accession numbers for cytochromeb and IRBP. Except where
noted, mitochondrial and nuclear genes were sequenced from the same
specimen. Accession numbers without any voucher numbers preced-
ing them indicate sequences that were taken directly from GenBank.
FMNH = Field Museum of Natural History, Chicago; USNM = United
States National Museum, Washington DC; UMMZ = University of
Michigan Museum of Zoology, Ann Arbor; CMC = Cincinnati Mu-
seum Center.

Outgroups for divergence time analysis
Monodelphis adusta(Cytb: U34677); Monodelphis brevicaudata(IRBP:

AY233782);
Equus caballus(Cytb: X79547, IRBP: U48710);Tapirus terrestris(Cytb:

AF056030):Tapirus pinchaque(IRBP: AF179294);Homo sapiens(Cytb:
AF346982, IRBP: NM 002900);Macaca mulatta(Cytb: U38272);Macaca
fuscata(IRBP: AY434085)

Dipodidae
Zapus trinotatus(Cytb: AF119262)Zapus princeps(IRBP: AF297287);
Napaeozapus insignis(Cytb: AJ389535; IRBP: AY326098);Allactaga sibir-

ica(Cytb: AJ389534; IRBP: AY326076)

Muridae
Murinae: Apomys insignis (FMNH 147083; DQ191467, DQ191492);

Apomys microdon(USNM 458907; DQ191468, DQ191493);Apomys
musculus(USNM 458923; DQ191469, DQ191494);Archboldomys lu-
zonensis (USNM 573834; AY687858, DQ191495);Batomys granti
(USNM 458914; DQ191470, DQ191496);Batomys salomonseni(USNM
458784; DQ191471, DQ191497);Bullimus bagobus (Cytb: USNM
58789; DQ191472; IRBP: USNM 458785; DQ191498);Bullimus
gamay (FMNH 154823; DQ191473, DQ191499);Bullimus luzoni-
cus (FMNH 169127; DQ191474, DQ191500);Carpomys phaeurus
(FMNH 175565; DQ191475, DQ191501);Chrotomys silaceus(Cytb:
FMNH 169133; AY687859; IRBP: FMNH 175725; DQ191502);
Chrotomys gonzalesi (USNM 458953; AY687860, DQ191503);
Chrotomys sibuyanensis(FMNH 145701; AY687862, DQ191504);
Crateromys heaneyi(CMC 776; DQ191476, DQ191505);Crunomys
melanius (FMNH 147105; DQ191477, DQ191506);Crunomys sun-
coides(FMNH 147942; DQ191478, DQ191507);Limnomys ÒbryophilusÓ
(FMNH 147970; DQ191479, DQ191508);Limnomys sibuanus(FMNH
147947; DQ191480, DQ191509);Maxomys whiteheadi(UMMZ 174492,
DQ191481; IRBP: USNM 174435, DQ191510);Niviventer excelsior
(USNM 574372; DQ191482, DQ191511);Niviventer rapit (UMMZ
174435; DQ191483, DQ191512);Phloeomys cumingi(USNM 573332;
DQ191484, AY326103);Rattus everetti(FMNH 142350; DQ191485,
DQ191513);Rattus exulans (USNM 458836; DQ191486, AY326105);
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Rattus preator(USNM 580077; DQ191487, DQ191514);Rattus tanezumi
(FMNH 137032; DQ191488, DQ191515);Rhynchomys isarogensis
(USNM 573900; DQ191489, AY326108);Sundamys muelleri(Cytb:
UMMZ 174436; DQ191490; IRBP: AY326111);Tarsomys apoensis
(FMNH 148178; DQ191491, DQ191516);Hylomyscus alleni(Cytb:
AY057817);Hylomyscus denniae(IRBP: AY326088);Praomys petteri
(Cytb: AF518368); Praomys delectorum(IRBP: AY326104); Masto-
mys natalensis(Cytb: AY057818; IRBP: AY326093);Mus musculus
(Cytb: AJ512208; IRBP: AF126968);Aethomys namaquensis (Cytb:
AF141215); Aethomys chrysophilus(IRBP:AY326075); Grammomys
macmillani(Cytb: AF141218; IRBP: AY326086);Otomys irroratus(Cytb:
AF141222);Otomys anchietae(IRBP: AY326101)

Deomyinae: Acomys spinosissimus(Cytb: AJ010559; IRBP: AY326074);
Lophuromys sikapusi(Cytb: AJ012023) Lophuromys ßavopunctatus
(IRBP: AY326091)

Gerbillinae : Meriones unguiculatus (Cytb: AF119264; IRBP:
AY326095); Tatera kempi(Cytb: AJ012024); Tatera robusta(IRBP:
AY326113)

Calomyscinae: Calomyscus bailwardi(Cytb: AF160604; IRBP: AY163581)
Nesomyinae: Nesomys rufus(Cytb: AF160592; IRBP: AY326099)

Phloeomys pallidus(upper left) and Carpomys phaeurus(lower left), which are arboreal, herbivorous species, and Rhynchomys soricoides(upper
right) and Chrotomys whiteheadi(lower right), which are predominantly vermivorous ground-living species, represent some of the extensive mor-
phological diversiÞcation that has taken place within the two largest endemic clades of Philippine murines. Illustrations by Velizar Simeonovski,
copyright Field Museum of Natural History.

Cricetinae: Cricetulus longicaudatus(Cytb: AB033693; IRBP: AY326082);
Phodopus sangurus(Cytb: AF119266; IRBP: AY163631)

Sigmodontinae: Tylomys nudicaudus (Cytb: AF307839; IRBP:
AY163643);Sigmodon hispidus(Cytb: AF108702); Sigmodon alstoni
(IRBP: AY163640);Neotoma albigula(Cytb: AF108704);Neotoma lepida
(IRBP: AY163599);Akodon toba(Cytb: U03527);Akodon azarae(IRBP:
AY163578)

Arvicolinae: Microtus californicus(Cytb: AF163891);Microtus sikimensis
(IRBP: AY163593)

Cricetomyinae: Cricetomys emini(Cytb: AF160613; IRBP: AY326081);
Steatomys parvus(Cytb: AF160599; IRBP: AY326110)

Mystromyinae: Mystromys albicaudatus (Cytb: AF160607; IRBP:
AY163594)

Petromyscinae: Petromyscus collinus(Cytb: AF160601; IRBP: TTU
55218; DQ191517)

Myospalacinae: Myospalax aspalax(Cytb: AF326272; IRBP: AY326097)
Spalacinae: Spalax ehrenbergi(Cytb: AJ389537);Spalax zemni(IRBP:

SZU48589)
Rhizomyinae: Rhizomys pruinosus(Cytb: AF326274; IRBP: AY326107);

Tachyoryctes splendens(Cytb: AF160602; IRBP: AY326112)


