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Apomys (Muridae) and the dynamics of diversification in
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We analysed the phylogenetic relationships of ten of the 13 known species of the genus Apomys using DNA sequences
from cytochrome 6. Apomys, endemic to oceanic portions of the Philippine archipelago, diversified during the Pliocene
as these oceanic islands arose de novo. Several of the speciation events probably took place on Luzon or Mindanao,
the two largest, oldest, and most topographically complex islands. Only one speciation event is associated with vicar-
iance due to Pleistocene sea-level fluctuation, and a Pleistocene diversification model in which isolation is driven by
sea-level changes is inconsistent with the data. Tectonic vicariance is nearly absent from the Philippines, in which
tectonic coalescence plays a significant role. Most speciation events (about two-thirds) are associated with dispersal
to newly developed oceanic islands. The data imply that the species have persisted for long periods, measured in mil-
lions of years after their origins; further implications therefore are that faunal turnover is very slow, and persistence
over geological time spans is more prominent than repeated colonization and extinction. Neither the equilibrium nor
the vicariance model of biogeography adequately encompasses these results; a model incorporating colonization,
extinction, and speciation is necessary and must incorporate long-term persistence to accommodate our
observations. © 2003 The Linnean Society of London, Biological Journal of the Linnean Society, 2003, 80, 699-715.
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INTRODUCTION the rubric of phylogeography (e.g. Riddle, 1995, 1996;
Avise, 2000; Arbogast & Kenagy, 2001), but most such
studies deal with single species, not extensive radia-
tions, and we know of only two that have been placed
in the context of long-term dynamics of patterns of
insular species richness (Moritz et al., 2000; Ricklefs
& Bermingham, 2001). Here we test hypotheses of
speciation and explore patterns of diversification in
the Philippine islands using a molecular phylogeny of
an endemic rodent clade.

The Philippine Islands, comprising ¢. 7000 islands
ranging up to 100 000 km?, represent a natural the-
atre in which to investigate such issues. With the
exception of one small set (the Palawan group), all of
the islands are oceanic in origin, having emerged
because of a complex but now well-documented set of
tectonic events (Hall, 1996, 1998, 2002). Periods of
lowered sea level during the many Pleistocene ‘ice
*Corresponding author. E-mail: steppan@bio.fsu.edu ages’ caused some sets of current islands to coalesce

The process of diversification — the increase in number
of species within a given lineage over time — lies at the
root of biology, and has a long history of investigation
(Heaney & Vermeij, in press). Nevertheless, the num-
ber of case studies in which the history and processes
of diversification is well documented is small, even
among vertebrates (e.g. Otte & Endler, 1989; Ricklefs
& Schluter, 1993; Grant, 1998; Magurran & May,
1999). Further, such studies have not usually figured
in analysis of the dynamics of species-richness pat-
terns under either of the current dominant models,
the equilibrium model of island biogeography and
vicariance biogeography (Whittaker, 1998; Heaney,
2000; Lomolino, 2000). Much recent progress on some
issues involving diversification has been made under
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into larger ones (Fig. 1), but many remained separate
across channels ranging from 1 to 25 km, and each of
those oceanic islands that existed during Pleistocene
periods of low sea level is a highly distinctive biogeo-
graphical region with 50-85% endemism among the
non-flying mammals (Heaney, 1986, 1991; Heaney &
Regaldo, 1998). Overall, the mammalian fauna of the
Philippine Islands is unusually rich in endemic spe-
cies, including 85 out of 99 native non-flying mam-
mals. Moreover, many genera are endemic, and many
of them seem to form larger clades that are themselves
endemic to the archipelago (Heaney & Rickart, 1990;
Musser & Heaney, 1992), so a great deal of diversifi-
cation must have taken place within the archipelago
(Heaney, 1986, 2000), leading to a description of the
Philippines as ‘the Galapagos times 10’ (Heaney &
Regaldo, 1998). Thus, the archipelago and its biota
represent a good model system for investigating the
role of diversification in dynamics of species richness.

Although many aspects of equilibrium island bioge-
ography (sensu MacArthur & Wilson, 1967), system-
atics, diversity patterns, ecology, and conservation
have been explored within the Philippine mammalian
fauna (Heaney, 1986, 2000, 2001; Rickart et al., 1993;
Heaney et al.,1998; Heaney & Regaldo, 1998), few phy-
logenies have been generated, and few specific aspects
of the process of diversification have been explored.
Specifically, the geographical context of speciation (dis-
persal or vicariance, sympatric or allopatric) and the
timing of diversification (e.g. late Pleistocene or earlier
in the archipelago’s history) within a set of closely
related species have not been rigorously documented
among mammals (but see Heaney & Ruedi, 1994,
Heaney, 2000, for some initial observations on mam-
mals and Brown & Guttman, 2002, on frogs).

Of the many mammalian taxa represented in the
Philippines, the murid rodents (‘rats and mice’) are
best suited to such studies. With 22 genera and 56 spe-
cies native to the country, this family is the most spe-
ciose, and most morphologically and ecologically
diverse, in the Philippines, and because they are not
capable of flight, they are more likely than the equally
diverse bats to reflect geohistorical events clearly
(Peterson & Heaney, 1993). Among the murids, the
Philippine endemic genus Apomys is the most diverse,
with at least 13 species in the country, five of which
are undescribed (Heaney et al., 1998; L. R. Heaney,
B. R. Tabaranza Jr., S. R. Goodman & E. A. Rickart,
unpubl. data). They are abundant, small-bodied (20—
75 g) mice of the rainforest, occurring on most islands
and in most primary and many secondary habitats
(Heaney et al., 1998, 1999). No phylogeny for the
genus has been proposed; it has been hypothesized to
be the basal member of a large clade of rodents
endemic to the Philippines (Musser, 1982; Heaney &
Rickart, 1990; Musser & Heaney, 1992).

Pleistocene glaciations have been hypothesized to
be a primary determinant of many modern biogeo-
graphical patterns (Haffer, 1969; FAUNMAP Work-
ing Group, 1996; Haffer, 1997; Zink, Blackwell-Rago
& Ronquist, 2000). Prominent among various
hypotheses has been the proposal that, as biomes
shift elevationally with glacial cycles, species ranges
expand and contract, resulting in coalesence and
fragmentation of populations. If the fragmentation
leads to speciation, this Pleistocene speciation
hypothesis provides a general vicariant explanation
for biogeographical patterns among many taxonomic
groups. In areas of high relief, such as on islands or
in mountainous regions, this process has been called
a ‘species pump’ because it is expected to accelerate
the rate of speciation relative to those of less topo-
graphically diverse regions. The same process can
also occur on a continental scale (Zink et al., 2000).
Recent tests of the Pleistocene speciation hypothesis
have generally failed to support it, finding instead
that most sister species diverged from each other
prior to the most intense glaciations or prior to the
Pleistocene entirely (e.g. Zink et al., 2000; Johnson,
2002). As described in more detail below, the geologi-
cal history of the Philippine Islands makes them one
of the most amenable regions of the world to testing
this hypothesis. The islands have undergone a well-
understood sequence of coalescence and fragmenta-
tion because of sea-level changes. The Pleistocene
speciation hypothesis predicts that sister species or
sister clades will occupy adjacent islands that were
previously joined together as larger oceanic ‘Pleis-
tocene islands’ and that these divergences will date
to the glacial period. Because the Philippine Islands
are so conducive to this process, if the Pleistocene
speciation process operated commonly, its effects
should be detectable in the Philippines. Failure to
find support for the Pleistocene speciation hypothesis
in the Philippines would therefore be compelling evi-
dence against its generality.

We investigated the phylogenetic relationships of
the genus Apomys and used this information to deter-
mine the most likely mode of speciation with respect
to geography. Specifically, we asked: (1) what portion
of the speciation events might have taken place on a
single oceanic island (2) whether the data support the
Pleistocene sea-level speciation hypothesis (3) what
portion of the speciation events is likely to have
involved dispersal or vicariance events between iso-
lated oceanic islands (4) when the speciation events
are most likely to have occurred, and (5) what
relationship the time of origin might have to the
documented geological history of the Philippine archi-
pelago. In our discussion, we address the implications
of these data for the dynamics of diversification
and patterns of species richness among Philippine
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Figure 1. Map of the Philippine islands showing current islands (upper and lower case) and late Pleistocene islands
(upper case). Current oceanic islands that were also unconnected to other islands during the Pleistocene are likewise
indicated by upper case letters.
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mammals, especially with respect to the rate of
turnover in the mammalian fauna of the archipelago.

GEOLOGICAL HISTORY OF THE PHILIPPINE
ARCHIPELAGO

The geographical theatre in which the diversification
of Apomys took place has a complex history; fortu-
nately, that history, including the location and extent
of dry-land areas, has been described in some detail
recently (Hall, 1996, 1998, 2002). Briefly, the current
archipelago consists of three distinct geological units
of very different origins that have approached one
another and are now coalescing: the north-western
(e.g. Mindoro), north-eastern (e.g. Luzon), and south-
eastern (e.g. Mindanao) blocks. The first of these
includes the modern islands of Palawan and Mindoro
and small pieces of several other extant islands.
These originated as portions of Asian continental
shelf that begin to rift away from the region south of
modern Taiwan during the mid-Oligocene, 30-35 Myr
ago (Mya). All portions of this continental material
were below sea level at the time and remained below
sea level until they were uplifted and emerged as de
novo oceanic islands capped with marine sediments
beginning about 10 Mya, in the late Miocene. This
emergence took place initially in the area of modern
Mindoro, which remained isolated from other islands
subsequently. Palawan emerged later, beginning in
the early Pliocene, c. 5 Mya, and eventually reached
sufficient size and height that it was connected to
northern Borneo (but not the rest of the Philippine
islands) during the penultimate glacial event,
c. 165 000 years ago, and perhaps during some prior
glacial events. Palawan currently has a mammalian
fauna largely derived from that of the continental
Sunda Shelf (Heaney, 1986; Brown & Guttman,
2002).

The second primary geological unit, known today as
central and northern Luzon, emerged as several small
dry-land islands during the mid-Oligocene, roughly
30-35 Mya, hundreds of kilometres south-east of
where it lies currently. It developed from volcanoes
that lay between a spreading zone and a subduction
zone, producing a series of small, very isolated islands
that rose then eroded as the rock units gradually
moved north-west. The first development of a large
island took place in the middle Miocene, about
15 Mya, as proto-Luzon approached proto-Mindoro; a
large island (at least 25 000 km?) in present-day
northern Luzon has persisted since that time, charac-
terized by frequent volcanic activity associated with
several subduction zones. Luzon enlarged subs-
tantially during the Pliocene (which extended from 5
to 1.8 Mya), as it and proto-Mindanao came into
proximity.

The third primary geological unit, known today as
Mindanao and some associated islands, originated fur-
ther south-east than did proto-Luzon, at about the
same time. Several small volcanic islands in a dis-
persed arc rose and eroded as the rock unit moved
north-west; no substantial islands developed until the
mid-Miocene, about 12 Mya, as proto-Mindanao
approached proto-Luzon. Additional uplift began
about 6—8 Mya in the late Miocene as proto-Mindanao
and proto-Luzon came into closer proximity and began
to coalesce. Much of the uplift of the smaller current
islands and some peninsulas has taken place during
the Pliocene subsequent to 5 Mya; the uplift of the
southern (Bicol) peninsula of Luzon began about
3.5 Mya (Heaney et al., 1999), Greater Negros-Panay
about the same time, and such smaller islands as
Sibuyan and Camiguin not more than 2 Mya. The cur-
rent height of the islands is generally close to their
maximum, so exposure of dry land during the last gla-
cial maximum is probably close to the maximum
extent (Heaney, 1986; Heaney, 1991; Hall, 1996, 1998).

METHODS

SPECIMENS EXAMINED

Thirty-two specimens, representing ten species in the
genus Apomys — datae (Meyer, 1899), gracilirostris
(Ruedas, 1995), hylocoetes (Mearns, 1905), insignis
(Mearns, 1905), microdon (Hollister, 1913), musculus
(Miller, 1911), plus four undescribed species — and four
outgroups, were sequenced for this study. Each species
was represented by at least two specimens, and four
were represented by three or more. Outgroup taxa
were Batomys granti (Thomas, 1895), Chrotomys
gonzalesi (Rickart & Heaney, 1991), Archboldomys
luzonensis (Musser, 1982), and Rhynchomys isarogen-
sis (Musser & Freeman, 1981), all of which are Phil-
ippine endemic genera. Batomys was designated the
outgroup for rooting on the basis of a broader sam-
pling of murine and muroid taxa for four nuclear
exons (S. J. Steppan, R. M. Adkins & J. Anderson,
unpubl. data). Locality and voucher information is
listed in the Appendix. Sequences have been submit-
ted to GenBank under accession numbers AY324458—
AY324489.

The taxonomy of Apomys has not been stable, ini-
tially because of a paucity of specimens (Musser,
1982), then because the many specimens collected
often represented new species (Heaney et al., 1998).
Our current understanding differs from that pre-
sented by Heaney et al. (1998) in viewing A. littoralis
as a junior synonym of A. insignis (the holotype is a
juvenile with damaged skull, and no other specimens
can be referred to the species) and in treating Apomys
‘sp. A’ from Sibuyan as conspecific with A. ‘sp. C’ from
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Negros Island (because no morphological differences
have been detected; all specimens are attributed to sp.
A). A revision of the genus is under way (L. R. Heaney,
unpubl. data). Our use of informal species designa-
tions (e.g. ‘sp. D’) follows Heaney et al. (1998).

DNA EXTRACTION, AMPLIFICATION, AND SEQUENCING

Complete genomic DNA was extracted from frozen tis-
sue according to standard phenol/chloroform extrac-
tion techniques. We amplified the entire cytochrome
(cyt) b gene using polymerase chain reaction (PCR)
techniques using primers L14725 (P484), H15915
(P485) (Steppan et al., 1999), and MVZ14 and MVZ5
(Smith & Patton, 1993). DNA amplification was per-
formed at 50-100-uL reaction volumes containing
10 uM MgCl,, 1.0 uM of each primer, and 2.5-5.0 U of
Amplitaq Gold (Perkin-Elmer) in buffer supplied by
the manufacturer. Typical cycling conditions were
initial denaturation at 94°C for 15 min, followed by
40-45 cycles of denaturation (40 s at 94°C), primer
annealing (40 s at 51°C), DNA extension (1 min 30 s at
72°C), and a final extension for 6 min at 72°C. Five uL
of amplification product for each sample was electro-
phoresed on a 1% agarose gel, stained by ethidium
bromide, and visualized with UV. The products were
purified either by gel purification or by precipitation
with polyethylene glycol (PEG) in saline (NaCl) and
resuspended in 25 uL of deionized water. DNA concen-
tration was measured by UV absorption, and the solu-
tion was diluted.

Sequencing was performed on double-stranded
templates with ABI Big-dye terminator sequenc-
ing chemistry on ABI (Perkin-Elmer) 373A and
3100 automated sequencers. All individuals were
sequenced completely in both directions for the entire
cyt b gene with the amplification primers and the
following sequencing primers: P1185 (L15279: 5—
AAAGCYACYYTAACACGATT-3"), P386 (H15149:
5-TTTCTGCAGCCCCTCAGAATGATATTTGTCCTC
A-3), Bllp and Bl2p (Steppan, 1998), and S85
(TCCTAGTADGTCTGGRAAG; designed specifically
for Apomys). Sequences were aligned by Sequencher
4.1 (Genecodes). There were no insertions or deletions
(indels) allowing unambiguous alignment by eye. All
aligned sequences are available from TreeBase.

PHYLOGENETIC ANALYSIS

Phylogenetic analyses were conducted with equally
weighted maximum-parsimony (MP) and maximum-
likelihood (ML) criteria. A sequential optimization
approach (Swofford et al., 1996; Fratti et al., 1997) was
used to estimate the cyt & phylogeny. Initial trees were
generated by MP. All MP analyses used heuristic
searches with tree bisection-reconnection (TBR)

branch swapping and 30 random-addition replicates.
The ML parameter values were estimated under a
nested array of substitution models for the MP tree
(Swofford et al., 1996; Fratti et al., 1997) as imple-
mented in Modeltest 3.04 (Posada & Crandall, 1998).
Each of these models was evaluated for among-site
rate variation under equal rates, a portion of the sites
assumed to be invariable (I), rates among all sites
assumed to vary according to a gamma distribution (T
Yang, 1994), and a combination of invariable sites and
gamma-distributed rates. Because each of the models
can be considered a special case of the most general,
GTR + I + T, a likelihood-ratio test can be used to test
for significant differences in the contributions of each
model parameter to explaining the data (Yang, Gold-
man & Friday, 1995). The TrN + I" model (two transi-
tion types, one transversion type (Tamura & Nei,
1993), with gamma-distributed among-site rate
variation) was a significantly better fit for cyt b
than simpler models without introducing extraneous
parameters. We then conducted a ML search using the
preferred model with parameters fixed at the values
estimated on the MP tree. Heuristic searches were
conducted with 20 random-addition replicates and
TBR branch swapping. Model parameters were rees-
timated from the initial ML tree, and the process
repeated until the topology of the reestimated tree
matched that of the tree from the previous search,
never requiring more than one iteration.

ROBUSTNESS AND HYPOTHESIS TESTING

Robustness of the results for both optimality criteria
was estimated by means of 100 bootstrap replicates
(Felsenstein, 1985). We calculated decay (or Bremer
support) indices (Bremer, 1994) for selected nodes on
the MP tree by searching for the shortest trees con-
taining the hypothesized constraint using AutoDecay
(Eriksson, 1999).

A priori biogeographical hypotheses were tested
according to parsimony- and likelihood-based
approaches that compare the tree scores of con-
strained and unconstrained (i.e. optimal) trees (see
Steppan et al., 1999; for examples applied to biogeo-
graphical hypotheses). Tree searches were con-
strained such that all individuals on each Pleistocene
island formed a monophyletic group, but relationships
among individuals within those island clades and rela-
tionships among those island clades were uncon-
strained. Several alternative constraints that allowed
some minimal dispersal or within-modern-island spe-
ciation were tried (e.g. not all species on Luzon
grouped into a single clade), effectively relaxing some
assumptions. Equally weighted MP searches were
conducted with constraints enforced to match pre-
dicted topologies for each hypothesis. Differences in
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tree lengths between constrained searches and the
most parsimonious tree were tested with the Kishino—
Hasegawa (Kishino & Hasegawa, 1989), Templeton
(Templeton, 1987), and Shimodaira—Hasegawa (Shi-
modaira & Hasegawa, 1999) tests. Because the topol-
ogy of the reference (optimal) tree was not defined a
priori, we applied one-tailed tests at the 2.5% signifi-
cance level for the KH and Templeton tests. The same
approach was employed for ML: with the optimal ML
tree as the reference.

DATING ESTIMATES

The cyt b data were used to estimate divergence dates
among Apomys clades. Because no Apomys fossils are
available for internal rate calibrations, we used an
external calibration of the divergence of Mus from
Rattus at 9.5 Mya, based on a recalibrated nuclear
gene molecular clock (S. J. Steppan, R. M. Adkins & J.
Anderson, unpubl. data) using 12 Myr as the origin of
modern murines (Jacobs & Downs, 1994). Cyt b
sequences for Mus and Rattus were obtained from
GenBank (accession nos J01420 and NC001665). In a
likelihood-ratio test of a molecular clock, likelihoods
are estimated with and without enforcement of a
clock. Likelihood ratios are chi-squared distributed, so
twice the difference in log likelihoods is compared to
the critical value from a chi-squared table, and the
degrees of freedom are equal to the number of
OTUs—2 (number of branches—1; Huelsenbeck & Ran-
nala, 1997). A molecular clock was rejected for the
complete data set (P = 0.04), and initial phylogenetic
analyses showed Archboldomys to be an outlier with
an unusually short branch leading to it. After the
slowly evolving Archboldomys was excluded, a likeli-
hood ratio test showed that the Apomys data did not
deviate significantly from a molecular-clock model
(2L =394, d.f. =29, P=0.06), so genetic distances
were estimated under the clock model and the same
TrN + I" model used for phylogeny estimation. Apomys
datae (slow) and A. gracilirostris (fast) also deviated
somewhat from a clock-like pattern, but their exclu-
sion had little impact on the likelihood of a molecular
clock, either in addition to the exclusion of Archbold-
omys or by themselves. Given that deviation from the
molecular clock was only marginally non-significant,
we report the estimated dates with caution. We also
calculated the number of third-position transversion
differences, which have been recommended for mito-
chondrial genes because they tend to evolve in a more
clock-like fashion than other transformations without
the excessive homoplasy of third-position transitions,
which can skew genetic distance estimates (Smith &
Patton, 1999; Conroy & Cook, 2000). Third-position
transversions produced a rate estimate of 1.23% per
Myr. The dates estimated by the two methods were

similar, and we report the ML distances here because
the transversion distances exhibited at least as much
lineage-rate variation, and very recent divergences
were less reliable (because of stochastic variation
caused by many fewer data).

Gene lineages will by necessity coalesce to a com-
mon ancestor that predates the events causing speci-
ation by an amount that approximates the genetic
diversity (coalescence times) within the ancestor.
Because we are interested in dating the possible
events associated with speciation and not the coales-
cence times of gene lineages, we adjusted the diver-
gence dates described above by subtracting the mean
divergence dates within modern species (Avise &
Walker, 1998; Edwards & Beerli, 2000). The modern
values were used as representative of the average
divergences within the ancestral species at the time of
speciation. We focused on the diversity that accumu-
lates within populations and geographical regions but
did not include within-species comparisons from dif-
ferent regions because deep phylogeographical diver-
gences may be caused by the geohistorical events
we are testing for. Therefore, we included only those
species that showed significant variation (datae,
gracilirostris, microdon) in the calculation of average
within-species divergences. Divergences between
northern and southern Luzon populations of
A. microdon were not included, but divergences within
these regions were included. The effect of this correc-
tion is to reduce the estimated divergence dates and
thus to yield a conservative estimate with respect to
the Pleistocene speciation hypothesis.

RESULTS

PHYLOGENETIC ANALYSES

All Apomys cyt b sequences were 1144 bp long. Of the
422 variable sites, 369 were parsimony informative,
across Apomys and outgroups. Nucleotide composition
was very close to mean mammalian values (Irwin,
Kocher & Wilson, 1991) for all positions. The taxa did
not vary significantly in nucleotide composition.
Uncorrected and maximum-likelihood distances (TrN
+ I'; in parentheses) were 0.0009-0.031 within species;
0.011-0.119 among species, ¥ = 0.085, n = 300 (0.012—
0.205; ¥ =0.133); and 0.118-0.170 between Apomys
and outgroups excluding Batomys, X = 0.147, n = 125
(0.196-0.372; x = 0.276).

Parsimony analysis yielded eight trees, the strict
consensus of which was compatible with the
maximum-likelihood tree (Fig. 2), except in showing
A. musculus as the sister group to the Apomys sp. A/C
clade rather than to the larger clade including Apomys
sp. B. Differences in topology among the eight most-
parsimonious trees involve arrangements within just
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two regions, the clade of five individual A. hylocoetes
and A. insignis from Mindanao, and the A. sp. A/C
clade from Negros and Sibuyan islands. The two cri-
teria also yield a different branching sequence among
the outgroups (Chrotomys is the first outgroup under

indicate that the clade was not found in the maximum-parsimony tree.

parsimony, Rhynchomys under likelihood), but all
other relationships within Apomys are the same.
Monophyly of Apomys is well supported by bootstrap
values of 93-94% and a decay index of 13. The first
major division in the genus was between two large-
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bodied species (A. datae from northern Luzon and
A. gracilirostris from Mindoro of the A. datae species
group defined by Musser, 1982; Ruedas, 1995) and
a geographically widespread clade containing the
remaining species. Both of these clades are moder-
ately to well supported, having parsimony bootstrap
values of 64% and 96%, respectively (decay indices of
3 and 9), and likelihood bootstrap values of 81% and
92%. The widespread clade divided into two distinct
geographical units: a southern clade from Greater
Mindanao (A. hylocoetes and A. insignis from Mind-
anao and A. sp. F from Leyte and nearby islands) and
nearby Camiguin Island (A. sp. D) and a northern/
central clade from Luzon (A.microdon and
A. musculus), Greater Panay/Negros (A. sp. A/C) and
oceanic Sibuyan (A. sp. A/C, A. sp. B). Both of these
clades are well supported by ML analyses (96% and
82% bootstrap values) but less well so by MP analyses
(64% and 45%, decay indices of 2 and 1).

Interspecific relationships within the southern
clade are robust; bootstrap values range from 86 to
100% under either criterion, and decay indices are 2,
12, and 19. Monophyly of terminal taxa is also well
supported by high bootstrap values and decay indices.
Most of the terminal taxa correspond to current tax-
onomy, except for Apomys spp. A and C (listed as dis-
tinct by Heaney et al., 1998; but which ongoing
morphological analysis suggests are conspecific; L. R.
Heaney, unpubl. data). The strictly Mindanao clade
includes representatives of two species but shows
almost no genetic variation among them. The very
close and possibly ramified relationship between
A. hylocoetes and A. insignis, which occur sympatri-
cally at middle elevations on Mindanao (Heaney,
2001), is remarkable because the two taxa are highly
divergent in karyotype (Rickart & Heaney, 2002) and
morphologically distinct (Musser, 1982). Most individ-
uals sequenced here have been karyotyped.

The species of the northern/central ‘A. microdon/
musculus clade’ are genetically well differentiated,
with moderate support for relationships. In the ML
tree, the two most basal branches belong to species
from Luzon, A. microdon and A. musculus, but the MP
tree differs in having A. sp. B from Sibuyan an earlier
branch, making biographic reconstruction equivocal.
Within this clade are specimens from Negros and
Sibuyan islands that are not differentiated genetically
and not reciprocally monophyletic (and, as noted ear-
lier, cannot be distinguished morphologically).

DISCUSSION

Questions raised in the Introduction about the process
of diversification in Apomys require interpretation of
the geographical history of diversification, so we begin
with that issue.

BIOGEOGRAPHICAL HISTORY AND TESTS OF
HYPOTHESES

Biogeographical history of diversification in Apomys
The confirmation of the monophyly of Apomys, noted
above, confirms the genus as endemic to the Philip-
pines and strongly implies that it has undergone its
diversification within the archipelago. We note also
that, with two exceptions, each species of Apomys
occurs in a single biogeographical region of the Phil-
ippines and that these regions are defined by the
extent of low sea level and maximum island coales-
cence during the Pleistocene glacial episodes (Fig. 1).
The two exceptions are A.musculus, which occurs
throughout Luzon and on Mindoro, and A. sp. A/C,
which occurs on Negros and Sibuyan (and probably
Panay). In other words, each species occurs on a sin-
gle, clearly definable oceanic island or a single group
of islands that coalesced repeatedly during the
Pleistocene; the two exceptions each involve a species
that occurs on two oceanic islands that are in close
proximity.

Several observations suggest that Apomys origi-
nated on Luzon Island. The endemism of both species
of Rhynchomys, both species of Archboldomys, and
most species of Chrotomys on Luzon (Heaney et al.,
1998) supports the inference that this clade originated
there. These four genera form a distinct clade among
murines (S. J. Steppan, R. M. Adkins & J. Anderson,
unpubl. data). The presence of three basal species on
Luzon (A. datae, microdon, musculus) from both of the
major clades of the genus (Fig. 2), is consistent with
this hypothesis. It is noteworthy that northern Luzon
is the oldest land mass in the Philippines, having orig-
inated over 25 Mya, and from about 15-10 Mya was
the only large island in what is now the Philippines
(Hall, 1996, 1998). We interpret the presence of
A. gracilirostris on Mindoro to have resulted from dis-
persal to that island, which originated as a de novo
oceanic island about 8-10 Mya.

The sister group to the A. datae—gracilirostris clade
contains species from a range of areas but is divided
into two clades with different geographical ranges.
One of these, the ‘A. microdon-musculus clade’, con-
tains two basal species from Luzon (A. microdon and
A. musculus, although as noted above, parsimony
yielded a slightly different phylogeny). Two additional
species (Apomys sp. B and A. sp. A/C) occur, respec-
tively, on Sibuyan and on Negros plus Sibuyan islands,
both of which lie near to southern Luzon. We postulate
that the common ancestor of A. musculus and the
other two species underwent diversification when a
population dispersed from Luzon to either Sibuyan or
Greater Negros/Panay (Fig. 1); that one subsequent
additional dispersal took place between Sibuyan and
Negros/Panay, the direction of which cannot yet be
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determined; and that a second dispersal to Sibuyan
may have taken place if the MP tree is correct.

The second clade includes A. hylocoetes and
A. insignis on Mindanao, plus two more basal species
on Leyte/Biliran and on Camiguin. We interpret this
pattern as indicating a dispersal from Luzon to
Greater Mindanao and the neighbouring oceanic
island of Camiguin, followed by isolation of the popu-
lations on Camiguin and Greater Mindanao. A vicar-
iance event within Greater Mindanao subsequently
gave rise to A. sp. F on Leyte and adjacent islands in
northern Greater Mindanao and to the ancestor of
A. hylocoetes and A. insignis on Mindanao. Apomys
insignis and A. hylocoetes now occur sympatrically at
middle elevations (1800-2250 m) on mountains in
central Mindanao (e.g. Mt. Kitanglad); the former also
extends down to sea level, and the latter extends to
the highest peaks (Heaney, 2001).

As noted above, we lack genetic material from three
species of Apomys; these require comment at this
point. Two, A. abrae and A. sacobianus, are poorly
known, large-bodied species restricted to northern
Luzon; Musser & Carleton (in press) concluded on the
basis of morphological evidence that they may be
related to the ‘A. microdon-musculus clade.’ Apomys
sp. E, from Mindoro Island, is similar to A. sp. B and
A. sp. A/C from Sibuyan and Negros. Presence of the
former species implies additional diversification on
Luzon in the A. microdon—-musculus clade, and the
presence of the latter implies additional dispersal in
the area of Negros, Sibuyan, and Mindoro.

What portion of the speciation events might have taken
space on a single oceanic island?
Each instance of sister species occurring sympatri-
cally on a single island may represent speciation in
close proximity, under any of a variety of circum-
stances (sympatric, parapatric, or under small-scale
habitat vicariance). With our current knowledge, we
cannot distinguish between these and so lump them
together for discussion, but the question of how often
such speciation occurs on a single island is relevant.
Apomys insignis and A. hylocoetes are broadly sym-
patric and partially syntopic on Mindanao. As noted
above, they are nearly genetically identical (0.0-0.006
TrN + I' distance) and are not reciprocally monophyl-
etic for cyt b, but they differ morphologically and kary-
ologically (Musser, 1982; Rickart & Heaney, 2002).
Some form of autochthonous speciation on Mindanao
island is likely. Other cases are more ambiguous. Cla-
dogenesis leading to A. microdon and the ancestor of
the clade including A. musculus and A. sp. B and sp. A/
C is most parsimoniously reconstructed to have
occurred on Luzon for both MP and ML trees. The two
trees differ, however, in whether A. sp. B and A. sp. A/
C represent two dispersals to Sibuyan or in situ spe-

ciation. Inclusion of A. sacobianus and A. abrae in a
clade with A. microdon-musculus would imply speci-
ation on Luzon because all are restricted to northern
Luzon. We have noted the likely impact of habitat
vicariance for species of rodents in other genera that
occur on Luzon (Rickart et al., 1998), but we have
noted no clear cases within Apomys. Overall, we con-
clude that 3—4 out of the 11 speciation events sampled
here probably occurred on the two largest and oldest
oceanic islands (Luzon and Mindanao), but that this is
not the dominant mode of diversification in Apomys.

Do the data support the Pleistocene sea-level speciation
hypothesis?

In order to test a strict Pleistocene sea-level vicari-
ance hypothesis, we conducted tree searches con-
strained such that all individuals present on each
Pleistocene island formed monophyletic groups (e.g. a
Greater Luzon clade, a Greater Mindanao clade)
while allowing any topological resolution within or
among these island clades. These constrained
searches yielded trees that were all significantly
worse than the optimal trees by Templeton or Shimo-
daira—Hasegawa tests, supporting rejection of the
hypothesis (e.g. ML, Fig. 2; P <0.001). This hypothe-
sis might be overly restrictive in not allowing inde-
pendent lineages to undergo vicariant speciation on
the Pleistocene islands. Relaxing that constraint
results in many possible combinations of hypotheses
because the Pleistocene vicariance-speciation hypoth-
esis does not specify the taxonomic rank for the vicar-
iant events. Less restrictive constraints, for example
excluding the older A. datae—gracilostris lineage from
the constrained Greater Luzon clade, also produced
trees significantly worse than the optimal ones. We
then focused on non-statistical tests of the hypothesis
that sister species or sister clades occupy islands that
were previously joined into the large Pleistocene
islands. Of the ten nodes within Apomys above the
species level, only one conforms to that prediction;
A.sp. D from Billiran and Leyte and the
A. hylocoetes—insignis clade from Mindanao are sister
clades. We conclude that support for this hypothesis
is very weak.

For cyt b, a molecular clock was not rejected after
Archboldomys was excluded (L = -5991.2 vs. -5971.9,
d.f.=29, P>0.06), so divergences were estimated
under a clock constraint. TrN + I' ML distances, cor-
rected for observed mean within-species divergence
(0.0046, 0.38 Myr) and a Mus—Rattus divergence date
of 9.5 Mya (Jacobs & Downs, 1994; S. J. Steppan, R. M.
Adkins & J. Anderson, unpubl. data) for calibration,
are plotted in Figure 3. Because these distances are
corrected to reflect divergence times of species rather
than divergence times of gene lineages within species,
the within-species values tend to be negative. Apomys
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Figure 3. Histogram of divergence estimates calculated
from maximum-likelihood distances for cyt b, corrected for
within-species diversity.

gracilirostris is the only species in our sample that
exhibits deep within-species divergences, to nearly
400 000 years, but we have limited geographical sam-
pling for several of the other species, and additional
sampling may well uncover more genetic diversity.
Most species-level divergences predate the Pleistocene
entirely, and the youngest of those, between the A. sp.
D clade from Billiran and Leyte and the A. Aylocoetes—
insignis clade from Mindanao, dates to approximately
1.05 Mya in the Early Pleistocene. This is also the only
speciation event that is topologically consistent with
the Pleistocene sea-level vicariance hypothesis.
Figure 4 shows the ML estimate of the phylogeny
under a molecular clock scaled to the calibrated time
scale. Notable divergence dates include the split of
A. sp. D on the oceanic island Camiguin from its
Greater Mindanao sister clade approximately 1.7—
2.2 Mya and basal divergences within the northern-
central clade clustering between 1.4 and 2.1 Mya. The
basal divergences within the genus date back to 3—
4.2 Mya. Although some of the divergences fall within
the Pleistocene, no peak appears in the Pleistocene;
instead, we see a clear Pliocene peak in divergences.

The data are clearly not consistent with the Pleis-
tocene speciation hypothesis, either in statistical
tests of topological hypotheses or in the proportion of
speciation events conforming to the prediction. We
are aware of only one speciation event in Apomys
seemingly associated with sea-level change — the
presence of A. sp. F on Leyte and associated islands
and its sister species on Mindanao suggests sea-level
vicariance at some point, because the two regions
have been repeatedly connected and reisolated as sea
level changed with each glacial episode during the
Pleistocene (Heaney, 1986, 1991; Heaney & Regaldo,
1998).

What portion of the speciation events is likely to have
involved dispersal or vicariance events?

Our reconstructed biogeographical history of Apomys
implies little role for vicariance in speciation events.
Of the two possible vicariance mechanisms, tectonic
separation of landmasses and sea-level-induced
isolation, the geological history of the Philippines
includes only the latter. The archipelago fails to meet
the criteria necessary for application of tectonic
vicariance models (Rosen, 1975; Humphries &
Parenti, 1986) because its tectonic pattern is not one
of separation or subdivision of a landmass but one of
coalescence. As noted above, our data are clearly
inconsistent with Pleistocene sea-level vicariance
hypotheses (with one exceptional case), and we have
no clear evidence of speciation in Apomys associated
with habitat vicariance.

On the other hand, evidence for the role of dispersal
in speciation is abundant. Our reconstruction of the
biogeographical history of Apomys (Fig. 5) implies dis-
persal from Luzon to Mindoro on at least one
(A. gracilirostris) and perhaps two (A. sp. E, not sam-
pled here) occasions, from Luzon to Greater Mindanao
(A. hylocoetes-sp. D clade), from Greater Mindanao to
Camiguin (A. sp. D), from Luzon to Greater Negros/
Panay and/or Sibuyan once or twice (A. sp. B and A/C),
and from Sibuyan to Greater Negros/Panay (A. sp. A/
C). The totals are 5-7 dispersal events, none for tec-
tonic vicariance, and one for sea-level vicariance. All
other speciation events (3-4) were likely within-
island, as noted above, and may have involved habitat
vicariance, although this is uncertain.

When are the speciation events likely to have occurred?
Two alternative models can be considered with respect
to timing of speciation events within Apomys. First,
proponents of the equilibrium model of MacArthur &
Wilson (1967) have generally emphasized, and some-
times assumed, short time spans and rapid turnover
in the faunas on islands (even though MacArthur and
Wilson acknowledged the presence of long-term speci-
ation as a process in both 1963 and 1967 publications;
Heaney, 2000). This view was consistent with a con-
current, widely held belief (e.g. Haffer, 1969; White,
1978; Whitmore & Prance, 1987) that much speciation
took place during the late Pleistocene. This hypothesis
of ‘late Pleistocene diversification’ leads to a prediction
that the diversification of Apomys took place largely
during the last 1 Myr, i.e. the latter half of the Pleis-
tocene, or perhaps even later, in association with the
ultimate (c. 15000 years ago) and penultimate
(c. 165 000 years ago) periods of sea-level lowering
(Heaney, 1986).

An alternate hypothesis might postulate that the
diversification of Apomys took place much earlier, as
soon as the islands that make up the Philippines
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Figure 4. Maximum-likelihood phylogram under the assumption of a molecular clock with key biogeographical events
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originated as de novo, oceanic dry-land islands.
Apomys is probably one of the genera descendent
from the adaptive radiation of murids that occurred
about the time of the divergence of Mus from Rattus
around 10 Mya (Jacobs & Downs, 1994; S. J. Steppan,
R. M. Adkins, & J. Anderson, unpubl. data.). Luzon
was then a large island, Mindanao was beginning a
period of uplift and coalescence of many fragments,
and Mindoro was present, but few other substantial
islands in the Philippines were above water; most of
the development of the archipelago as a set of dry-
land islands took place during the last 5 Myr
(Pliocene and Pleistocene), and uplifting continues
today. The constraints on the time of origin of Apomys
(c. 4-5Mya) and the origin of the majority of the
Philippine islands indicates that speciation could not

have occurred in the earliest uplift phase of 10 Mya
but rather might have begun at the earliest during
the more extensive uplift phase of 2-5 Mya (Pliocene
or very early Pleistocene). This ‘Pliocene diversifica-
tion hypothesis’ therefore predicts diversification
times of mostly 2-5 Mya, during the Pliocene epoch.
Further, this model might be expected to produce spe-
ciation dates that are correlated with the ages of the
islands on which the mice live, whereas a high-turn-
over model with dispersal based on the ‘late Pleis-
tocene diversification hypothesis’ is unlikely to
produce a statistical association between island age
and age of origin of a given species.

We thus have two sets of predictions, one that antic-
ipates ages for Apomys species of less than 1 Myr and
another that anticipates ages of 2-5 Myr on most
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islands and perhaps more on Luzon, where we postu-
late the genus originated.

We estimated time of divergence of the various
clades of Apomys from cyt b data under a molecular
clock. Although the data within Apomys are statisti-
cally consistent with a molecular clock, some lineage-
specific rate variation results in approximately + 10%
range in dates. Allowing for additional error due to
inaccuracies in the rate calibrations (e.g. phylogenetic
placement of the calibration fossil and possibly unrec-
ognized rate variation among Mus, Rattus, and
Apomys), we suggest that these should be viewed as
estimating the true dates + 30% and perhaps more for
the most recent divergences. Such errors would not,
however, appreciably change the following discussion.

Divergence dates for all within-species comparisons
are less than 500 000 years ago, and those for all
between-species comparisons (excluding A. hylocoetes
—A. insignis) range between 1.0 and 5 Mya (Fig. 3).
For the between-species comparisons there is a
Pliocene peak around 2.6 Mya. Although these dates
must be viewed as no more than rough estimates, it is
clear that, in addition to the Pleistocene sea-level
vicariance hypothesis discussed earlier, the ‘late Pleis-
tocene divergence hypothesis’ can also be rejected; no
evidence supports any speciation events during the
last 1 Myr except for the speciation of A. hylocoetes
and A. insignis on Mindanao, which involved major
chromosomal rearrangements, as described above.
The alternative ‘Pliocene uplift diversification hypoth-
esis’ is supported by the available data, even if the
estimate of genetic divergence rates is off by a factor of
nearly two.

What is the relationship between time of origin and the
geological history of the islands?

The data are also consistent with the further predic-
tion that the age of each divergence should be corre-
lated with the geological age of the corresponding
oceanic island, although the precision is difficult to
determine. We estimate the origin of the genus at
4-6 Mya, near the onset of much of the Pliocene
geological uplift of the archipelago. The most basal
divergence within the genus, between the A. datae—
gracilirostris clade and all other extant taxa, is esti-
mated at about 3.6—4.2 Mya, well after the beginnings
of the Pliocene uplift. Diversification apparently took
place rapidly thereafter; the A. datae—A. gracilirostris
divergence (which involved dispersal from Luzon to
Mindoro) is dated at about 2.8-3.2 Mya, and the oth-
ers followed quickly. The split between the large north-
ern A. microdon clade and the large southern
A. hylocoetes clade about 2.4-3 Mya followed the
development of extensive dry-land islands between
the northern core of Luzon and the central core of
Mindanao by about 1 Myr. Divergence between

A. microdon and the ancestor of the A. musculus clade
1.9-2.2 Mya apparently took place on Luzon during
the time when the island was enlarging through the
uplift of its southern and central areas (Heaney, 2000).
The apparent dispersal of members of the A. musculus
clade to Greater Negros/Panay and Sibuyan about
1.7 Mya followed the uplift of southern Luzon and was
roughly concurrent with the uplift of Sibuyan. Dis-
persal to Camiguin and divergence by the ancestor of
A. sp. D c. 1.8-2.1 Mya is consistent with rough esti-
mates of the age of Camiguin of 1-2 Mya. Divergence
between the ancestor of A. hylocoetes-insignis and
A. sp. F (from Leyte and adjacent islands) about 1 Mya
may have involved sea-level vicariance; by that time,
Greater Mindanao would have existed as a single dry-
land mass during periods of low sea level and as sev-
eral smaller islands during high sea level (as is the
case today).

In summary, these dates and circumstances suggest
that diversification of Apomys associated with over-
water dispersal between oceanic islands occurred
either subsequent to or concurrently with uplift of the
various islands. A non-parametric test of association
between the ‘clock dates’ and the estimated dates of
origin of the islands is significant (P < 0.05; Fig. 6). In
other words, the mice dispersed from Luzon, the oldest
and largest island, to the various other islands fairly
soon after they became dry land. This result also
implies that they have persisted since then with very
low rates of extinction. Clearly, if a species is endemic
to a single island and originated >2 Mya, it cannot

1 Y=0991+.129 * X; R2 = 682 [o)

Divergence date of sister groups
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Figure 6. Estimated dates of divergence of extant clades
of Apomys that appear associated with between-island dis-
persal regressed on the date of first emergence of the target
island, as estimated from the geological record. The oldest
date is for Luzon and represents the estimated divergence
of the genus Apomys from Rhynchomys, Chrotomys, and
Archboldomys.
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have undergone repeated extinction and recoloniza-
tion; rather, it is far more likely to have persisted on
the one island since its origin.

Implications for the dynamics of diversification and
patterns of species richness

One of the primary assumptions of users of the
MacArthur—Wilson model of island biogeography has
been, with few exceptions, that ongoing colonization
and extinction lead to rapid turnover in island faunas
(Williamson, 1981; Whittaker, 1998; Heaney, 2000).
The data presented here strongly imply that turnover
has not been rapid; rather, colonization was initially
rapid but was followed by persistence on a geological
time scale. The result, apparently, is a system in
which colonization of de novo oceanic islands has
sometimes happened soon after their uplift and has
resulted in speciation and attendant diversification
within the lineage as a whole. Although some diversi-
fication may have taken place on single islands, this
has apparently been the case only on Luzon and Min-
danao, the two largest, oldest, and most topographi-
cally diverse islands (Rickart et al., 1998). Thus,
diversification in this most speciose of Philippine
murid rodents has largely been a process of coloniza-
tion across sea channels to newly formed oceanic
islands, followed by genetic differentiation and long-
term persistence. Moritz et al. (2000) summarized evi-
dence of similar, pre-Pleistocene origins for many
extant species of continental rainforest mammals and
emphasized the role of persistence, rather than turn-
over, in those faunas.

Although our data are not consistent with recent
usage of the MacArthur and Wilson equilibrium
model, neither are they consistent with the vicari-
ance model of biogeography, because it is apparent
that dispersal rather than vicariance (whether by tec-
tonic processes, sea level change, or vegetational
change) has primarily driven diversification in this
speciose genus. Rather than either the bivariate equi-
librium or vicariance models, we believe that tripar-
tite models that fully incorporate the processes of
diversification, colonization, and extinction hold
much more promise for general modelling of the
dynamics of species richness in situations such as
this (Heaney, 2000; Lomolino, 2000). Specifically, the
data presented here provide support for the graphical
model presented by Heaney (2000), in which phylo-
genesis is predicted to be ongoing and cumulative
(with little extinction), gradually raising species-rich-
ness levels on isolated archipelagos to levels similar
to those seen on land-bridge islands that have under-
gone postisolation relaxation (i.e. where a reduction
in area has produced a decline in faunal richness,
with rates of extinction and colonization more or less
in equilibrium).

ISSUES FOR FUTURE INVESTIGATION

Many questions remain to be answered. First, are the
patterns of diversification shown by other endemic
Philippine clades similar or different? Specifically, are
the geographical patterns of phylogenetic relation-
ship of other taxa similar to those shown by Apomys,
in which Luzon is the area of oldest diversification,
Mindanao a secondary area, and other islands ter-
tiary ‘off-shoots’? Limited data on shrews (Heaney &
Ruedi, 1994) and frogs (Brown & Guttman, 2002)
appear to show a different pattern, one of recent col-
onization from Asia, but too few examples are avail-
able to form general patterns. In addition, is there a
consistent pattern of an association between esti-
mated age of the species and the age of the islands on
which they occur? No additional data are currently
available.

Second, are oceanic and land-bridge islands in the
Philippines similar in the pattern of species richness,
specifically the correlation between richness and
island area? Similarity of species richness on the two
types of islands would support the concept of an
equilibrium number of species as envisioned by
MacArthur (1972: 107-111, figs 5-20). Alternatively,
significantly lower richness on oceanic islands than
on land-bridge islands, or a weak or absent correla-
tion of richness with island area on oceanic islands,
would imply that colonization of oceanic islands is too
low and unpredictable to be modelled. Some prelimi-
nary data (Heaney, 1986) indicated that species rich-
ness of non-flying mammals on the oceanic islands is
low and not correlated with island area, but more
detailed analysis based on more extensive data is
needed.

In addition to the biogeographical issues, there is
the question concerning whether biparentally inher-
ited nuclear genes show the same pattern as the
maternally inherited cyt b data. Some nuclear genes
have been useful for phylogenetics within animal
genera (Friesen et al., 1997, 1999) but the general-
ity of this finding is unknown. The phylogenetic his-
tory of nuclear genes may not match that of
mitochondrial genes because in many mammal spe-
cies, females tend to be philopatric and males to dis-
perse. Also, mitochondrial genes are expected to go
to fixation within a population four times faster
under neutral conditions because effective popula-
tion size for nuclear autosomal genes is four times
greater than that for mitochondrial genes (Moore,
1995). The result is smaller effective population size
for the maternally inherited mitochondria and
greater geographical localization of mitochondrial
lineages than in biparentally inherited autosomal
genes. We are currently examining this question
using three nuclear genes.
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CONCLUSION

Sequence data for ten of the c. 13 species of the Phil-
ippine endemic genus Apomys allow the construction
of a robust phylogeny for the genus and estimation of
the geographical history within the archipelago, which
has a complex but fairly clearly documented history as
a set of oceanic islands that have undergone gradual
decrease in isolation (through plate movement),
increase in area (through uplift and associated volca-
nic activity), and coalescence (through tectonic move-
ment). We therefore reject both vicariance (induced
by tectonic or Pleistocene sea-level change) and the
MacArthur—Wilson equilibrium model (and its implied
high turnover of species) as general explanations for
diversification in Apomys. Instead, our data document
Pliocene diversification in which most divergence
occurred after long-distance dispersal among oceanic
islands; we favour a conceptual model that explicitly
includes colonization, phylogenesis, and extinction.
Such knowledge of the place of origin and age of diver-
sification of species allows testing of what have previ-
ously often been untestable assumptions about rates of
primary biogeographical processes (diversification,
colonization, and extinction) in island archipelagos
and permit accurate and predictive modelling.
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APPENDIX

List of specimens sequenced. Specimen IDs are as in
the figures. All species are Apomys unless otherwise
noted. All localities are in the Philippines. Abbrevia-

tions: Cincinnati Museum of Natural History and Sci-
ence (CMNH); Field Museum of Natural History
(FMNH); United States National Museum (USNM).
The collector’s numbers EAR refer to uncatalogued
specimens housed at FMNH and collected by Eric
Rickart.

Archboldomys luzonensis. EAR 1826, Luzon Is.,
Camarines Sur Prov., Mt. Isarog, 1350 m.

Batomys granti. EAR 1822, USNM 458948, Luzon Is.,
Camarines Sur Prov., Mt. Isarog, 1750 m.

Chrotomys gonzalesi. USNM 458952, Luzon Is.,
Camarines Sur Prov., Mt. Isarog, 1350 m.
Rhynchomys isarogensis. EAR1840, Luzon Is., Cama-
rines Sur Prov., Mt. Isarog, 1750 m.

sp. A/C. FMNH 135715, FMNH 137024, Sibuyan Is.,
Romblon Prov., NW slope Mt. Guitinguitin, 4.5 km S,
4 km E Magdiwang; USNM 458747, Negros Is., 3 km
N, 17 km W Dumaguete, Mt. Guinsayawan, 1280 m;
USNM 458751, Negros Is., 3km N, 17 km W Dum-
aguete, Mt. Guinsayawan, 1470 m.

sp. B. FMNH 145698, Sibuyan Is., Romblon Prov., NW
slope Mt. Guitinguitin, 6.75 km S, 4.5 km E Magdi-
wang; FMNH 145699, Sibuyan Is., Romblon Prov., NW
slope Mt. Guitinguitin, 4.5 km S, 4 km E Magdiwang.
sp. D. FMNH 154816, 154854, Camiguin Is., Mt. Tim-
poong, 2 km N, 6.5 km W Mahinog.

sp. F. USNM 458762, Leyte Is., 10.0 km N, 4.5 km E
Baybay, 950 m; EAR 1491, Biliran Is., 5 km N, 10 km
E Naval, 850 m.

datae. FMNH 167243, FMNH 167358, Luzon Is.,
Kalinga Prov., Balbalan Municipality, Balbalasang,
Magdalo.

gracilirostris. CMNH 646, CMNH 648, Mindoro Is.,
Mindoro Oriental Prov., north ridge approach to Mt.
Halcon, Hanglo, 13°16.8'N, 121°00.7’E.

hylocoetes. FMNH 147871, FMNH 147914, Mindano
Is., Bukidnon Prov., Mt Katanglad Range, 16.5 km S,
4 km E Camp Phillips; FMNH 148149, Mindanao Is.,
Bukidnon Prov., Mt. Katanglad Range, 18.5 km S,
4 km E Camp Phillips.

insignis. FMNH 147911, FMNH 148160, FMNH
147915, Mindanao Is., Bukidnon Prov., Mt. Katanglad
Range, 16.5km S, 4 km E Camp Phillips; FMNH
147924, Mindanao Is., Bukidnon Prov., Mt. Katanglad
Range, 18.5 km S, 4 km E Camp Phillips.

microdon. FMNH 167241, FMNH 167242, Luzon Is.,
Kalinga Prov., Balbalan Municipality, Balbalasang,
Magdalo; USNM 458907, Luzon Is., Camarines Sur
Prov., Mt. Isarog, 475 m; USNM 458919, Luzon Is.,
Mt. Isarog, 1550 m.

musculus. USNM 458913, Luzon Is., Camarines Sur
Prov., Mt. Isarog, elev 1350; USNM 458925, Luzon Is.,
Camarines Sur Prov., Mt. Isarog, elev. 1750 m.
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