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Abstract

Although varanid lizards have achieved parity with mammals in many parts of the world, they
exploit very different metabolic strategies and sensory mechanisms, and are properly regarded as
convergent on the lifestyle of small predatory mammals. In parts of island southeast Asia and in
Australia small monitors appear to fill ecological niches occupied by cats, mustelids and viverrids
in other parts of the world. Species diversity of large monitor species (>1.3 m TL) does not change
across Wallace’s Line, which is the distributional boundary for nearly all small, carnivorous pla-
cental mammals, but the diversity of small monitor species (<1.2 m TL) increases abruptly from
this line east. Small monitor species can coexist with dasyurid marsupial carnivores, but appar-
ently not with placental carnivores (this is being tested now with the establishment of feral cats in
Australia). Because juveniles of large monitor species can survive in communities with placental
carnivores to the west of Wallace’s Line, we speculate that predation rather than resource compe-
tition has influenced the observed pattern. Large monitors produce large clutches and their ju-
veniles soon grow out of the vulnerable size range, whereas small monitor species (despite being
more fecund, when body size is factored out) produce fewer eggs, are always subject to mamma-
lian predation, and may not be able to coexist over evolutionary time with placental carnivores.

Key words: Squamata: Varanidae; mammalian carnivore competitors; Indo-Australia; Wal-
lace’s Line.

Introduction

Predators and their prey are locked in a coevolutionary arms race over time. By select-
ing against less sophisticated prey individuals, predators favor prey with better escape
abilities. This selects for predators better able to capture evasive prey, steadily raising
the bar for both. In addition to increased speed, agility and strength, carnivores com-
monly evolve larger brains and increased development of integrative centers than do
their herbivorous prey (JERISON 1973). Greater information-processing capacity may
include adaptations for refined neuromuscular coordination, use of complex sensory
modalities with a low signal-to-noise ratio, and/or enhanced problem-solving abilities.
Combinations of these functions are driven by ecological and behavioral differences.
For predatory animals, solitary vs. pack hunting behavior, ambush vs. widely-foraging
tactics, and reliance on visual, auditory or olfactory input each influences the nature
and sophistication of information-processing abilities required.

Consequences of these differences are familiar (compare, for example, dogs to cats,
or either to sheep), but even broader questions can also be asked: how would small
theropod dinosaurs have fared in a match with modern mammals, given the state of
the information-processing arms race in Mesozoic times? More realistically, can other
lineages of predators compete successfully with modern mammals, and, if so, how is
this parity achieved?

Varanid lizards are obvious candidates for this sort of inquiry. This group of about
60 living species has representatives in nearly all terrestrial environments at low lati-
tudes throughout the Old World. Monitors are relatively conservative in morpholo-
gy, but come in a broad range of sizes (20 g to over 50 kg as adults; see PIANKA 1995,
2004b). As a group, monitors are alert and agile diurnal carnivores that typically search
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widely for prey, relying on acute vision and extremely sensitive chemoreception. Su-
perb predators, they are the most advanced and most intelligent of all lizards. Physiolo-
gists, students of behavior, ecologists, and those who simply appreciate monitor lizards
have used terms such as mammal-like, near-mammalian, and so on, to the extent that
the concept is almost a cliché in the literature. However, saying that monitors are mam-
mal-like is misleading and obscures the issue. Attributes of monitors that are function-
ally equivalent to mammalian adaptations certainly evolved convergently, since their
last common ancestor lived ca. 300 mya. Monitor lizards similar to species living today
have coexisted with sophisticated mammalian carnivores since at least the mid-Creta-
ceous (see MOLNAR 2004 for a review of fossil varanids).

The stem ancestor of diapsid reptiles and mammals must have lacked the aerobic
metabolic scope, visual and chemoreceptive abilities, and information-processing ad-
aptations that characterize modern monitors and mammals. Monitors are ectotherms
that operate at body temperatures equal to or greater than those of mammals, with cir-
culatory and respiratory systems that permit long periods of sustained activity, albeit
without the costly molecular and physiological control mechanisms required by en-
dotherms. Reptilian and mammalian eyes are reasonably similar in structure (ROLL &
HoRN 1999) but the ways that visual information is edited and processed in the brain
differ greatly between the two groups (JERISON 1973, NORTHCUTT 1984). Mammals rely
almost entirely on receptors in the nasal epithelium for their olfactory prowess, whereas
monitors (like snakes) use their tongues to transfer compounds into an elaborate vome-
ronasal organ (SCHWENK 1995, SCHWENK & WAGNER 2001), which is vestigial in many
mammals or used principally to detect sex pheromones. Both monitors and mammals
retain and use detailed “map knowledge” of features within their extensive home ranges
(TSELLARIUS & MENSHIKOV 1994), and both employ complex foraging strategies that
show considerable plasticity and at times appear to deceive their prey to facilitate cap-
ture (HERMES 1981, HORN 1999, 2004, SWEET & PIANKA 2003). Mammals conduct com-
plex neural integration in an enlarged isocortex, whereas the neural processing path-
ways of reptiles and birds emphasize the anterior dorsal ventricular ridge and tectum
mesencephali (PEARSON 1972, ULINSKI 1990, TEN DONKELAAR 1998).

Biogeography

Throughout Africa and southern Asia, monitors coexist quite successfully with a wide
range of carnivorous mammals, though their species richness is rather low, and most
are large (>1.3m in total length [TL] as adults) and relatively bulky lizards. Five species
occur in Africa (one of which extends well into central Asia), and an additional seven
species are distributed across mainland southern Asia. Monitor species richness in-
creases sharply in offshore Southeast Asia, with 15 species in the East Indies and Philip-
pines (four shared with the mainland), and 15 species in New Guinea and the Bismarck
and Solomon islands. Species richness peaks in Australia, with 29 named species (five
shared with New Guinea). Over a dozen more, as yet undescribed, species also occur in
Australia. In parts of northern Australia up to 8 or 9 (exceptionally, 10-11) species may
co-occur, partitioning resources by differences in body size and habitat (P1ANKA 1994,
SHINE 1986, SWEET 1999, this volume). Australian monitors are often considered to be
ecological equivalents that fill niches occupied elsewhere by small carnivorous mam-
mals such as cats, weasels, mongooses and civets (STORR 1964, PIANKA 1969, KEAST
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1972, HECHT 1975; but see also WROE 2002, and WROE et al. 2004). A novel feature of
the Australasian radiations is that over half of the species are small (<1.3m TL) and of
slender build. These belong to monophyletic clades (AsT 2001) in the subgenera Eu-
prepiosaurus and Odatria, and also differ from other varanids in having determinate
growth (DE BUFFRENIL, INEICH & BOHME 2004).

The high species richness of small monitors in eastern Indonesia and Melanesia (see
P1aNkA & KING 2004) has only recently been recognized, principally through the ef-
forts of WoLFGANG BOHME and his colleagues. Prior to 1990, only four small species
were recognized in the region: a widespread and highly variable mangrove monitor
(Varanus indicus ssp.); the green tree monitor (V. prasinus ssp.) and animals referred to
V. scalaris occurring in New Guinea, and V. timorensis (Timor). Fifteen more species
have been added (another three have been proposed which may prove to be valid), in-
creasing the species richness of the family Varanidae by about 25%. Some of these new
taxa are local (often insular) derivatives of the widely-ranging V. indicus and V. prasinus
groups, and should perhaps be considered members of superspecies complexes. Others,
while clearly allied to these complexes, are very distinct. These exciting developments
allow a new perspective on varanid diversity in the Australasian region, and suggest a
reevaluation of the ecological and historical interactions of monitors and mammals.

Wallace’s Line overlies a complex tectonic boundary zone passing between the Sun-
da Arc islands of Bali and Lombok, between Borneo and Sulawesi, and east of the Phil-
ippines (Fig. 1). No land connection across it has ever existed. Wallace’s Line marks the
eastern limit of many terrestrial arthropods and vertebrates having Southeast Asian af-
finities and linked to the great ancient northern landmass of Laurasia. Conversely, it is
the western limit for most plant and animal groups that evolved on the Australia-New
Guinea landmass as it traveled north from its old Gondwanan connections during the
last 50 my of the Cenozoic (METCALEE et al. 2001). Within the region termed Walla-
cea (comprising the islands between Wallace’s Line and the western limits of the Sahul
Shelf linking Australia and New Guinea) the present day islands include microconti-
nental fragments, elevated sea bed, and island arcs derived from what might be termed
the geological equivalent of gastrulation. Several small crustal plates and plate frag-
ments are being compressed, rotated and/or subducted between the Asiatic mainland
and the Australian and Pacific plates (HALL & HorLLowAY 1998, HILL & HALL 2003,
http://www.gl.rhul.ac.uk/searg/current_research/plate_tectonics/index.html). Within
the period that monitors have occupied these landmasses, landscape effects include the
accretion of microcontinents and island arcs as the north coastal mountains of New
Guinea (POLHEMUS & POLHEMUS 1999), the elevation of the central massif of that is-
land, strong shearing and westward displacement of Australian plate fragments to form
parts of Halmahera, Obi, the Sula archipelago and the adjoining east arm of Sulawesi
(AL, HALL & BAKER 2001), the appearance and loss of volcanic and forearc islands
within the inner and outer Banda arcs, the Sangihe Arc and Halmahera Arc (NicHOLS
& HALL 1999, HALL & WILSON 2000), and significant changes in exposed land area on
the Sahul Shelf and elsewhere. Patterns of distribution and differentiation of monitor
species in Wallacea are thus the results of dispersal (whether by direct land connec-
tions, island hopping, or sweepstakes rafting) and vicariance in this complex and dy-
namic tectonic region. For some vagile organisms, this meeting zone is a filter barrier
between Asia and Australia, while for other lineages less capable of overwater dispersal
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Fig. 1. Wallace’s Line and the transect used to prepare Fig. 2. Lines at right angles to the
transect mark (in sequence) the units shown in Fig. 2. The island east of Borneo marked
“SU” is Sulawesi. BA = Banda Arcs.

Wallace’s Line offers a convenient natural experiment, since virtually none of the small
carnivorous mammals of Southeast Asia (cats, weasels, civets or mongooses) have
crossed it on their own. A single species of civet is native to the island of Sulawesi. Two
other civets and a mongoose have been introduced to Sulawesi, two species of civets
have been introduced to some of the Lesser Sunda Islands, and two mongooses are es-
tablished on scattered islands of the Moluccas (CORBETT & HILL 1992, NOWAK 1999). If
monitor lizards and small mammalian carnivores are ecologically complementary, we
might expect to see an increase in monitor species richness immediately east of Wal-
lace’s Line.

2 Fig. 2. Transect from NW to SE
showing numbers of species of
small carnivorous placental mam-

8 mals, small carnivorous marsupials
3 (dasyurids), large monitors, and
& 15 B Maniias small monitors from islands and
5 B Dasyurids landmasses located along the
g, S, 1T transect shown in Fig. 1. AS =
3 Asia, MP = Malay Peninsula, SM =
Sumatra, BO = Borneo, JV = Java,
5 PH = Philippines, SU = Sulawesi,
LS = Lesser Sundas, M = Moluc-
I I l " " I l Il cas, TT = Timor-Tanimbar, AU =
" AS MP SM BO Jv PHYSU LS MTT AU NG BI SO Australia, NG = New Guinea, BI
Island or Land Mass = Bismarcks, and SO = Solomon
Wallace's Line Islands.

82



Monitors, Mammals, and Wallace’s Line

T T o o 0 0 0 o suowo[og [ ¥t
0 T o] o o] o o] o syprewstq | €1
14 T S o o o o] o erensny | <t
4 T T (1)o o (1)o o o} BIUIND MIN | TT
0 T o} (r)o o} (r)o o (o} Iequiruey-rowry, | ot
T L o (€)o (t)o (°)o o o} SBION[OJN UIdYIION | 6
(4 o} o} (o) o (€)o o} I sepung 1asso7 [ g
1 o 0 (o) o (o) o o someng | £
€ o o (¥ I (De o I sourddimyg | 9
k4 o] (o] 6 I 14 k4 T BAR( S
¢ (o) o) 91 T 8 T 14 osurog 14
14 o) o) 81 T 8 3 S eIjRWING 3
14 o o 61 ¥ 6 T ¥ e[nsuruod Aefe]N | <
€ o o VAS T o1 I ¥ RISY JS pue[uIe|A I

TL WeEI< | I WeT> srerdnsIejy s[ejuade[q

SIOJIUOJN | SIOITUOIN prm4seq [e0], spisadiol | SpLiraAlp | sprpisnjy | spiRd

*samads padnpomnur 0] 19ja1 sasayuared ur sfewrwen prjsodIay pue PLIIGAIA 10J SINeA “SPIeZI] pruelea a3Ie[ pue [[ewWs JO pue ‘(1Xd) 295)
ssewr Apoq S¥¢> Jo syewurewt [erdnsrewr pue [ejuade[d snoroArured jo saroads jo suonnqunsip oryderSoad o) Surpnpur g "8 10y aseqeie ‘T "qel,

83



SAMUEL S. SWEET & ERIC R. P1ANKA

X 1-80 1UOISMO “[]
dX X| X X| x €-01 snuviquap snp3iuap]

X T1-80 1asoy appdordiq

x| x X S-0¢ 1319UU2q Ip3oudy)

3 (2) x| x| x| x| x| £4e-oz vIvSi1ALL] VIPIDS0IIAY

SBPLLIDAIA

x| x X $€0-0€o sadipnu ‘]

X X g¢o0 - ofo DUL024IN] V]IISNIAT

x| x| x x| x €-07¢ vNS1Av]f s3I

SBpIPISIIA

X X X m-6% SNULLIIAIA

x| x D¢ LT-81 sdaouwyd g

19 (X) X| X X| X X| X 89-St SISUaIYIUIQ SNANJIVUOLL

x| x| x 9-07T SNIDIOULIDUL S1j2fopADd

X 91- O’V SNDYD S113:]

x| x| x 91 - 0°S DOUIUIII] )

X S¥-¢c vipvq vuindoiv)

JepIRg

BIOATULIR))

os|I1d| nv| SN| LL| OW ! nS| Hd| Al| og| nS| dN | SV | (B) ssew uoxef,

‘ueMe[ed = d PUe S[OqUWIOT = T ‘Opowoy] = Y ‘Ieg
= g ‘spue[s] n1y = y 3dooxa ‘7 "SI Ul se suoneIAdIqqy ‘(;) PAYSI[eIS? SB PIULIFUOD JOU JNq PIdNPONUL 10 (X) PAYSIQeISd pue paonpomnur sarads
03 19321 sasajuared ur satuy ‘181 uo pajeudrsop seare oy ul sfewrurew [ejuaserd jo suonnqrnsip oryderdoad pue (s8uer) sassewr Lpogq 'z "qe],



Monitors, Mammals, and Wallace’s Line

X| X V-0t vaIn “F{

x| x| x 1-/0 snapnb.iojnuas

X) () () X X| x| 4o-tvo snouvav( ‘[

dX X| X| X 9'0-t0 snandiyovaq sazsadiap]

sepnsadioy

x) X X| X| X v-ot DIIPUL DINILLIIAIA

X| X - 0§ vINf12q1Z A

x) x) X X| x| x| x| wuw-o¢ vSUNSUD] DIIAIA

X| 80-90 401001pind g

x| x| x| x| x -0 Supsuy uopouotiq

vX)| | X | O | x| x| x| x| x| V-ve| smpowdvuidy sninxopvivd
X| X| X[ X 9-9¢ vIvALY] DIUNSD]

X 19 - §°€ | wy20.4qUIYISSNLU DIPIPIOIOVINT

osS|Id| Av| OSN| LL| OW S1 NS| Hd| Al| og| nS| dn | sv | (3) sseiw uoxef,

85



SAMUEL S. SWEET & ERIC R. P1ANKA

A simple approach to assessing this is to create a transect from mainland Asia
through New Guinea and Australia to the Solomon Islands, project the positions of
various islands or landmasses onto it, and plot the numbers of species in each of four
groups for each area (Fig. 2). These groups are small placental carnivores, marsupial
carnivores, and “small” and “large” varanid lizards. For this analysis (data in Tab. 1), we
considered potentially competing placental mammals to include all indigenous carniv-
orous species in the families Felidae, Herpestidae, Mustelidae (excluding hog-badgers)
and Viverridae having adult weights of 5 kg or less (Tab. 2). Here we employed the tax-
onomy and distributional data accepted by CORBETT & HILL (1992). Additional records
for the current distributions of introduced civets and mongooses were assembled from
several sources (e.g., FLANNERY 1989). We also included distributional information for
the largest extant marsupial carnivores (quolls and phascogales; STRAHAN 1989, FLAN-
NERY 1995) whose current distributions overlap those of monitors. We made an admit-
tedly arbitrary distinction between “small” and “large” monitor species native to the
region, on the basis of maximum reported total lengths being less than or greater than
1.3 m. This division corresponds in part to the current phylogeny (Ast 2001), which is
phylogeographically concordant but suggests that small body size has evolved inde-
pendently twice within the trans-Wallacean clades (PIANKA 2004b).

Fig. 2 documents that species richness of large monitors remains about the same
across Wallace’s Line, while distributions of small monitor species and small mamma-
lian carnivores are mutually exclusive, but with an informative twist. Fig. 2 also illus-
trates the distribution of carnivorous marsupial mammals (six species of quolls and a
phascogale). These are fierce and active carnivores, yet they are sympatric with the ma-
jority of small monitor species native to New Guinea and Australia.

Here we consider two explanations for the observed biogeographic pattern. We first
discuss a phylogeographic interpretation, in which the pattern is simply a result of the
separate evolutionary histories of varanids in Africa and Asia versus on the Austral-
ian plate, and of the inability of small species to cross Wallace’s Line. We then consider
a macroecological explanation for the regional proliferation of small monitor species,
which is enforced by limits related to ecological complementarity between monitors
and mammals. This second interpretation is also causally related to Wallace’s Line, but
here as it has served as a barrier to the eastward dispersal of small carnivorous mam-
mals.

Monitor Phylogeography

An area cladogram for extant varanoid lizards (Fig. 3), based on the phylogeny derived
by AsT (2001), is broadly consistent with a Laurasian origin of both Varanoidea and
Varanus. The oldest presently-known fossils unambiguously assigned to the Varanoi-
dea (Parviraptor, middle and late Jurassic) are Laurasian, known from Asia, western
Europe and North America (MOLNAR 2004, MOLNAR & PIANKA 2004). Similarly, the
earliest known Varanus (ca. 45 mya) is central Asian. Following KING & KING (1975),
EsTESs (1983), KING, KING & BAVERSTOCK (1991), SPRACKLAND (1991), BAVERSTOCK et
al. (1993), CARD & KLUGE (1995), and FULLER et al. (1998), a Laurasian origin model
based on karyotypic, molecular, morphological and fossil evidence has achieved gener-
al acceptance. PEPIN (1999) provided a useful analysis of fossil varanids and concluded
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that a Laurasian ancestry was the most parsimonious concept.

AsT (2001) presented a well-corroborated phylogenetic hypothesis for varanoids
that resolved many of the points of conflict among prior reconstructions. Ast conclud-
ed that V. griseus (northern Africa to central Asia) and the African Varanus species
form the sister group to the remainder, which consists of two major units: an Australa-
sian lineage having two weakly-supported clades; and a second lineage nearly restricted
to Australia and New Guinea that includes three major clades. One of the Australasian
clades is restricted to southern Asia and the lands of the Sunda Shelf save for members
of the V. salvator complex, which occur well to the east of Wallace’s Line in the Lesser
Sundas and Sulawesi (and perhaps in the northern Moluccas, as discussed below), as
well as being distributed throughout the Philippines. The other Australasian clade has
the V. olivaceus group (Philippines) as the sister taxon to the small species placed in
the subgenus Euprepiosaurus (V. indicus and V. prasinus groups), with all species of Eu-
prepiosaurus confined to lands east of Wallace’s Line. AsT’s second Australasian clade
places the small Australian Odatria spp. as sister to two lineages, one containing V. sal-
vadorii, V. komodoensis and V. varius, and a second containing the larger Australian
Varanus.

The Laurasian origin model thus involves early dispersal from central Asia into Af-
rica and south Asia, with two derived lineages crossing Wallace’s Line and radiating as
(a) the subgenus Euprepiosaurus (chiefly in Wallacea and New Guinea), and (b) V. ko-
modoensis in the Lesser Sundas, and Odatria and the larger Australopapuan Varanus
on the lands of the Sahul Shelf. Two presumably more recent crossings of Wallace’s Line
involve different members of the V. salvator complex, which ranges far into the Lesser
Sundas, and also has reached Sulawesi and nearby islands. Because Australia lay far to
the south of the Asian mainland in late Cretaceous and early Tertiary time, the implied
dual invasion of Wallacea and Australia is unlikely to have occurred much prior to the
middle Tertiary, and the oldest varanid fossil material known from Australia is dated at
the Oligocene-Miocene boundary at 24 mya (MOLNAR 2004). Access to fragments of
present-day Wallacean islands and the Australian continental platform by mid-Terti-
ary is not as problematic as might be assumed from a broad view of the geography of
regional plates. In part this is because the leading edge of the Australian plate contact-
ed the Philippine Sea plate (far to the south of its present remnants) by 50 mya (HaLL
1998,  http://www.gl.rhul.ac.uk/searg/current_research/plate_tectonics/index.html),
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and subduction along this front created island arcs (similar to the present-day Lesser
Sundas) that moved northward as Australia approached the Asian mainland. Detailed
tectonic reconstructions (HALL 1998, 2002) show an extensive island arc system ex-
tending from the Sunda Shelf across the northern margin of New Guinea from the
Oligocene onward, as well as fragments of Sulawesi, Halmahera, the East Philippines,
and the Vogelkop of present-day New Guinea distributed between major land masses.
While some of the structure has been lost to subduction, the general picture is that the
proto-Wallacean region has been dotted with islands throughout the last 30 my, and
was tectonically active from about 50 mya.

An alternative to the Laurasian model was recently offered by SCHULTE, MELVILLE
& LARSON (2003). Based on parallel re-analyses of mtDNA phylogenies for agamid and
varanid lizards and molecular clock evolutionary rate estimates, SCHULTE et al. pro-
posed that the major divisions in each family are far older. By their analysis, Asian and
Australian agamid lineages putatively diverged ca. 150 mya, African Varanus diverged
ca. 145 mya, and major clade boundaries among Asian and Australian varanids date to
112-120 mya. This invokes a Gondwanan origin for both families and an early history
tied to Jurassic and early Cretaceous plate movements. In this scenario, the phylogeny
and current distribution derives from vicariant cladogenesis in Africa, India and Aus-
tralia as those units separated and traveled northward to contact the Eurasian land-
mass, with dispersal from the Indian subcontinent into mainland SE Asia possible after
ca. 50 mya (HALL 1998). The fragmentation, transport and accretion of the Cimmerian
terranes that make up much of present-day SE Asia involves earlier events (METCALFE
1998) that pre-date the origin of varanoids under the model proposed by SCHULTE et
al. (2003). Their area cladogram for varanids is of the type termed the Northern Gond-
wana Pattern by SANMARTIN & RONQUIST (2004).

Ascribing the deep history of varanid lizards to Gondwanan vicariance creates a
number of significant difficulties. These include that all Cretaceous and Paleogene var-
anoid fossils so far described, and all Paleogene fossils assigned to the family Varani-
dae, come from Eurasia and North America; MOLNAR (2004) lists 22 named species (of
Saniwa, Iberovaranus and Varanus) from a larger set of fossils and Laurasian localities.
The earliest known varanid fossils of African (17-19 mya), Indian (early Pliocene), and
Australian (23-24 mya) provenance are all of Neogene age. Similarly, the fossil record of
monstersaurs and helodermatids is exclusively Laurasian (MOLNAR & PIANKA 2004),
and the only fossil questionably assigned to the Lanthanotidae is of late Cretaceous age,
from Mongolia (P1ANKA 2004a). The Gondwanan vicariance proposal also predicts
that varanoid lizards had access to South America before its progressive separation
from Africa (ca. 110-95 mya), and (via Antarctica) from Australia until perhaps 40 mya
(VEEVERS et al. 1991), but no varanoids have ever been identified in the South American
fossil record, and large teiids fill the monitor niche on that continent at present.

ScHULTE et al. (2003) do not address these difficulties with their Gondwanan vicari-
ance proposal, which hinges on an accurate calibration of the evolutionary rate of this
portion of the mitochondrial genome (reviewed by WEISROCK et al. 2001). Instead,
they assign dates to certain basal divergences within Varanus, which on examination
are difficult to reconcile with their biogeographic scenario. A divergence dated at 120.5
mya partitions a clade containing all southeast Asian species, plus V. olivaceus and the
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Wallacean clade Euprepiosaurus, from the lineage containing V. komodoensis and all
other Australopapuan Varanus plus Odatria. The divergence between V. olivaceus and
Euprepiosaurus is dated at 112 mya. Because Africa and India separated from Gondwa-
na no later than 130 mya (HALL 1998, MCLOUGHLIN 2001), any vicariant events dated
to ca. 120 or 112 mya must have involved Australia alone. However, each of these divi-
sions of Varanus contains lineages that occur on both sides of Wallace’s Line - in each
case the next younger divergence (undated by SCHULTE et al.) partitions Asian from
trans-Wallacean clades.

This difficulty is inherent in AsT’s (2001) phylogeny. Members of the V. salvator com-
plex occur widely in the Lesser Sundas, on Sulawesi and the Togian Islands, and old
specimens exist from Obi and Halmahera (W. BOHME, pers. com., 2005). Remaining
taxa in the V. salvator complex range from Sri Lanka to the Philippines, suggesting that
V. salvator s.1. has crossed Wallace’s Line twice. The five other species in this clade are
exclusively Asian. The sister clade to this Asian lineage has V. olivaceus (Philippines)
as its basal member, while the remaining species comprise the V. prasinus and V. indi-
cus groups centered in New Guinea, and restricted to lands east of Wallace’s Line. An
Australian plate origin for the V. olivaceus + Euprepiosaurus clade is possible (but not
at 112 mya), since tectonic reconstructions (HALL 2002) show the East Philippines ter-
rane being approached by the New Guinea margin of the Australian plate by about 25
mya, before being translated rapidly northwestward from 16-4 mya to join the western
Philippines. However, the same reconstructions show the western Philippines lying ad-
jacent to eastern Borneo at about 50 mya, and linked to Borneo by volcanic arcs more
or less continuously since 22 mya, with the principal arc shifting to the east Philippines
at about 8 mya (http://www.gl.rhul.ac.uk/searg/current_research/plate_tectonics/in-
dex.html).

The Gondwanan vicariance model poposed by SCHULTE et al. (2003) does not ex-
plain how varanids reached Asia, because the times they estimate for major divisions
within the genus preclude a role for the Indian subcontinent. If the ancestry of the
Asian clade is African, no mechanism is evident to place its sister group Euprepiosau-
rus exclusively east of Wallace’s Line at 112 mya. Conversely, if all non-African clades
have Australian ancestry, the implicit 120-112 mya divergence between the Asian clade
and Euprepiosaurus fails to explain how the Asian clade reached the mainland before
late Tertiary times. In either case, AsT’s (2001) phylogeny requires a minimum of two
major clades crossing Wallace’s Line prior to 112 mya under the timeframe proposed by
SCHULTE et al. SCHULTE et al. (2003) also analyzed an agamid phylogeny and obtained
one similar estimate for the divergence of Australian and Asian clades. However these
results are based on comparing only four Asian species with 70 Sahulian spp. (most
Australian, a few from New Guinea, but none from Wallacea itself). Thus, this sample
cannot provide a robust test for their hypothesis. HUGALL & LEE (2004) have argued
that the divergence dates proposed by SCHULTE et al. contain significant methodologi-
cal errors, and cannot support divergence times in excess of 14-41 mya for agamids, or
by extension for varanids as well.

Given the serious mtDNA evolution rate estimation error and extensive incompati-

bility with the fossil record, plate tectonics and varanid phylogeny, we regard the Gond-
wanan vicariance model of SCHULTE et al. (2003) as untenable. A Laurasian origin for
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Varanus with early Tertiary dispersal into Sundaland and mid-late Tertiary coloniza-
tion of the Australian continent is fully consistent with all evidence except the uncor-
rected mtDNA evolutionary rate constant employed by SCHULTE et al. When those
rates are properly recalculated (HUGALL & LEE 2004), they agree with a Laurasian dis-
persal model. We propose the following biogeographic scenario for Australasian Vara-
nus, based on AsT’s (2001) phylogenetic hypothesis.

(1) An old Australian clade reached that continent by dispersal along the island arcs
and microcontinents arrayed along the S margin of the Philippine Sea Plate no earlier
than ca. 50 mya (HALL 2002). This clade is represented by the V. varius group (of which
V. spinulosus may be a member [BOHME & ZIEGLER, this volume]), the subgenus Oda-
tria, plus remaining Australian species of Varanus.

(2) A clade consisting of the V. olivaceus group and the ancestor of the subgenus Eu-
prepiosaurus reached the west Philippines via Borneo no earlier than ca. 50 mya (HaLL
2002), with the V. indicus and V. prasinus groups dispersing to and radiating on New
Guinea and adjoining microcontinental fragments. The tectonics of the Molucca and
Celebes seas and bordering lands (see HALL 1998, 2002) are such that relatively short
distances have separated volcanic islands of the Sangihe and Halmahera arcs and a col-
lection of Australian plate fragments (including parts of Sulawesi, the Sula Islands, Obi,
Halmahera and the Vogelkop of New Guinea) at various times throughout the middle
and late Tertiary.

(3) Varanus salvator has crossed Wallace’s Line twice in the relatively recent past: in
the Lesser Sundas (bivitattus clade), and from Borneo into Sulawesi (togianus clade)
and thence eastward (perhaps to Obi and Halmahera).

Two Hypotheses

Small monitors have undergone two adaptive radiations east of Wallace’s line (Euprep-
riosaurus, Odatria), but small monitor species do not now occur (and may never have
evolved) west of Wallace’s Line. The observed pattern could be an artifact of historical
geography if small monitors have been limited by dispersal abilities and simply have
not been able to cross Wallace’s Line to the west (thus, a dispersal limitation hypoth-
esis). Another possibility is that the presence of small carnivorous placental mammals
has prevented pygmy monitors from spreading westward, due either to competition or
predation (a niche complementarity hypothesis). We can see no straightforward way to
exclude either hypothesis, but the weight of distributional and ecological evidence dis-
cussed below is concordant with predictions of the niche complementarity model.

Dispersal limitation. — Evaluation of the dispersal limitation hypothesis involves the
usual problems of disproving a negative. However, it could be challenged by the ob-
servations that V. timorensis (Odatria) has colonized Timor and adjacent islands by
overwater dispersal from Australia, and that members of the V. indicus complex have
reached remote islands in the Banda Arc, the Solomons, and perhaps the Marianas and
Carolines by natural dispersal. Also, no small monitor species inhabits Sulawesi, al-
though V. melinus occurs in the Sula Islands immediately offshore. Sulawesi is the only
island with wet forests east of Wallace’s Line that lacks a radiation of small monitors,
but it is also the only Wallacean island with a native carnivorous civet (Macrogalidia
musschenbroekii, CORBETT & HILL 1992). Similarly, the Philippines lack small monitors
but have a number of small mammalian carnivores (Tab. 1). Given this consistent pat-
tern and the evident rafting ability of at least some small monitors, a dispersal limita-
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tion model may be difficult to support.

Niche complementarity (competitive exclusion). — The complementarity hypothesis

has most often been stated in terms of ecological equivalence, wherein competitive re-
lease benefits (Australian) monitors that occur in the absence of placental carnivorous
mammals (STORR 1964, HECHT 1975). While this may well be true for larger monitor
species, small monitors appear to be unlikely to experience strong competition with
mammals. Small monitors feed primarily on large insects and other lizards, which are
usually widely dispersed and often abundant. Prey species of small lizards are extreme-
ly abundant in most Australian habitats, which could be another factor that facilitated
diversification of Australian pygmy monitors.

Niche complementarity (predation). - The niche complementarity hypothesis is
currently being tested via the introduction of civets, mongooses and feral cats on many
Wallacean islands, the presence of feral cats in New Guinea and many Melanesian is-
lands, and especially by the establishment of foxes and feral cats in Australia. For the
most part, the evidence from these inadvertent tests remains unexplored, particularly
in tropical forest habitats. A number of dietary studies on Australian foxes and cats (see
DI1CKMAN 1996 for a summary) indicate that small mammals and birds are preferred
prey and that varanids are rarely captured. However, most of these studies were con-
ducted in temperate and desert areas rather than tropical woodlands or forests. In a re-
cent field study of small varanids in tropical woodlands in northern Australia (SWEET,
this volume) 13 of 54 radiotracked individuals of two species were lost to predation: four
were killed by native predators, and nine were taken by a single feral cat. The ambush
hunting strategy employed by cats appeared to be particularly effective against small
monitors descending tree trunks to forage or travel on the ground. Quolls (Dasyurus
hallucatus) were common at the study site but failed to catch any of the lizards, perhaps
because they tend not to forage at midday and do not employ ambush tactics.

While pygmy monitor species are unknown to the west of Wallace’s Line, small in-
dividual monitors do occur there, in the form of juveniles of the larger species. To be
viable as a concept, the niche complementarity hypothesis should be able to propose
why juveniles of large species can coexist in communities with many small carnivorous
mammals, whereas small monitor species are unable to do so. One possibility (based on
predation) is that the per capita survivorship of small monitors increases as a function
of body size, and thus (i) the young of larger species grow quickly and are sufficiently
numerous to offset passage through a window of vulnerability, whereas (ii) smaller
monitor species produce fewer young and always remain at a size where per capita sur-
vivorship cannot be matched by reproductive output.

Reproductive Tactics and Life Histories

Young monitors (of all species) are very secretive and little is known about their ecol-
ogy. Field investigations typically either do not encounter large numbers of juveniles,
or show that they occupy completely different niches than adults. For example, hatch-
ling and juvenile Komodo monitors are arboreal insectivores (AUFFENBERG 1981), thus
avoiding contact with cannibalistic adults. Young Komodos are thus more like the
small arboreal species found elsewhere. In our field experience in Australia, juveniles
of small species often behave cryptically, more like skinks than monitors. For example,
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in many months of focused fieldwork in the Great Victoria Desert (ERP) and savannah
woodlands in the Northern Territory (SSS), each of us has only encountered a single
neonate V. tristis. SWEET (1999) observed single neonates of Varanus glauerti and V.
glebopalma in 10 months of intensive field study on the ecology of those species. Juve-
niles of larger species likewise adopt a very low profile by inhabiting the densest cover
available (pers. obs.).

Larger monitors tend to have larger clutch sizes and longer incubation times than
small monitors (THOMPSON & PIANKA 2001, PIANKA 2004b). With the exception of V.
komodoensis and V. spenceri, large monitors east of Wallace’s Line have smaller clutch
sizes than those west of Wallace’s Line (among the latter group, V. rudicollis has an ex-
ceptionally small clutch size). Hatchlings of large species also tend to be bigger than
those of small species (Tab. 3). However, when hatchling weight is represented as a frac-
tion of adult body weight, larger species on average invest much less (only about one-
quarter as much) in each offspring than do smaller ones (Fig. 4).

Hence most small species invest relatively more in each offspring, which requires
making fewer progeny. Five small species are exceptions, with relatively larger clutch
sizes and smaller progeny than other Euprepriosaurus and Odatria: these are Varanus
indicus, V. mitchelli, V. semiremex, V. timorensis, and desert populations of V. tristis.
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Fig. 4. Size dependency of reproductive investment in varanid lizards (data from Tab. 3).
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The resulting fecundity disadvantage from increased investment per offspring could
be one reason why small monitors are restricted to areas east of Wallace’s Line. Most
small monitor species may have no choice but to produce relatively large offspring in
order for them to survive to adulthood. Small species also exhibit higher relative clutch
masses than large species. In a comparative sense, we note that large monitors that oc-
cur east of Wallace’s Line exhibit the same pattern in producing fewer eggs than do
Afro-Asian species of similar size. The implications may well be different, however, in
that hatchlings of species such as V. komodoensis, V. salvadorii and V. varius are as large
as adult individuals of many species of Odatria.

Although scant data on lifespans are available, large monitor species almost cer-
tainly live longer than do smaller species. Longer life expectancies would translate into
higher lifetime fecundities, which could offset heavier juvenile mortality. If small moni-
tors did exist west of Wallace’s Line, they would almost certainly suffer heavier mortal-
ity there than they do east of Wallace’s Line. These could well be factors contributing to
the biogeographic patterns detailed above.

Our general conclusion is that neither phylogenetic constraints nor dispersal limita-
tion can adequately explain the absence of small monitor species on lands west of Wal-
lace’s Line, or their failure to evolve in African and Asian deserts, woodlands and wet
forests, or on the islands of the Sunda Shelf and the Philippines. We suggest that preda-
tory interactions rather than competitive exclusion is the most likely explanation for
the restricted distribution of small monitor species, while also embracing the concept
that the unique abundance of small lizard prey species contributes to the richness of the
Australian monitor fauna.
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Zusammenfassung

Obwohl Varaniden und Sauger in vielen Teilen der Welt eine gewisse Gleichrangigkeit erreicht
haben, nutzen sie hierfiir ganz andere metabolische Strategien und sensorische Mechanismen
und werden deshalb in Bezug auf ihre Lebensweise als konvergent mit kleinen rauberischen Sidu-
gern eingestuft. Es erscheint deshalb gerechtfertigt, dass auf Teilen der Inselwelt Siidostasiens
und in Australien kleine Waranarten 6kologische Nischen von Katzen, Musteliden (Marderarti-
gen) und Viverriden (Schleichkatzen) besetzen, die in anderen Teilen der Welt von eben diesen
Siugern besetzt sind. Die Anzahl grofler Waranarten (>1,3 m GL) dndert sich nicht wesentlich
beim Uberschreiten der Wallace-Linie, die eine Verbreitungsgrenze fiir nahezu alle kleinen, car-
nivoren, placentalen Sauger darstellt, aber die Zahl kleiner Waranarten (<1,2 m GL) steigert sich
ostlich dieser Linie abrupt. Wir diskutieren hier alternative Hypothesen dieser Verbreitungsver-
hiltnisse, die nach unserer Ansicht von phylogeographischen Einschrinkungen oder einem be-
sonderen Typ okologischer Wechselwirkungen herriihren kénnten. Eine iltere Begriindung die-
ser Erscheinung kann nicht ausgeschlossen werden, ist aber einem direkten Vergleich nicht zu-
ginglich. Kleine Waranarten konnen, wie bekannt, mit Dasyuriden, rduberischen Beutlern, ko-
existieren, aber offensichtlich nicht mit placentalen Carnivoren (dieser Punkt unterliegt gegen-
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wirtig infolge der eingeschleppten Katzen und Fiichse in Australien einem ungewollten Test). Da
Juvenile von Grofiwaranarten ganz offensichtlich in Gegenwart placentaler Carnivoren westlich
der Wallace-Linie tiberleben konnen, vermuten wir, dass eher Jagdstrategien als der Wettbewerb
um Ressourcen die beobachteten Verhiltnisse beinflusst hat. Von GrofSwaranen werden grofle
Gelege produziert, und ihre Nachkommen entwachsen schnell dem gefihrlichen Groflenstadi-
um, wihrend Kleinwarane kleine Gelege produzieren und stets einer grofien Mortalitit durch
rauberische Mammalier unterliegen. Daraus schlieflen wir, dass sie nicht mit placentalen, carni-
voren Sdugern iiber evolutiondre Zeitraume koexistieren konnen.

Schliisselworter: Squamata: Varanidae; konkurrierende carnivore Siuger; Indo-Australien:
Wallace-Linie.
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