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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 (>.3 m TL) does not change
across Wallace’s Line, which is the distributional boundary for nearly all small, carnivorous placental mammals, but the diversity of small monitor species (<.2 m TL) increases abruptly from
this line east. Small monitor species can coexist with dasyurid marsupial carnivores, but apparently 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 competition has inﬂuenced the observed pattern. Large monitors produce large clutches and their juveniles 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 mammalian predation, and may not be able to coexist over evolutionary time with placental carnivores.
Key words: Squamata: Varanidae; mammalian carnivore competitors; Indo-Australia; Wallace’s Line.

Introduction
Predators and their prey are locked in a coevolutionary arms race over time. By selecting 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 commonly evolve larger brains and increased development of integrative centers than do
their herbivorous prey (Jerison 973). 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 latitudes throughout the Old World. Monitors are relatively conservative in morphology, but come in a broad range of sizes (20 g to over 50 kg as adults; see Pianka 995,
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. Superb predators, they are the most advanced and most intelligent of all lizards. Physiologists, 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 mammal-like is misleading and obscures the issue. Attributes of monitors that are functionally 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-Cretaceous (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 adaptations that characterize modern monitors and mammals. Monitors are ectotherms
that operate at body temperatures equal to or greater than those of mammals, with circulatory and respiratory systems that permit long periods of sustained activity, albeit
without the costly molecular and physiological control mechanisms required by endotherms. Reptilian and mammalian eyes are reasonably similar in structure (Röll &
Horn 999) but the ways that visual information is edited and processed in the brain
diﬀer greatly between the two groups (Jerison 973, Northcutt 984). 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 vomeronasal organ (Schwenk 995, Schwenk & Wagner 200), 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 994), and both employ complex foraging strategies that
show considerable plasticity and at times appear to deceive their prey to facilitate capture (Hermes 98, Horn 999, 2004, Sweet & Pianka 2003). Mammals conduct complex neural integration in an enlarged isocortex, whereas the neural processing pathways of reptiles and birds emphasize the anterior dorsal ventricular ridge and tectum
mesencephali (Pearson 972, Ulinski 990, ten Donkelaar 998).
B i o g e o g r ap hy
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 (>.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 increases sharply in oﬀshore Southeast Asia, with 5 species in the East Indies and Philippines (four shared with the mainland), and 5 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, 0-) species may
co-occur, partitioning resources by diﬀerences in body size and habitat (Pianka 994,
Shine 986, Sweet 999, this volume). Australian monitors are often considered to be
ecological equivalents that ﬁll niches occupied elsewhere by small carnivorous mammals such as cats, weasels, mongooses and civets (Storr 964, Pianka 969, Keast

80

Monitors, Mammals, and Wallace’s Line

972, Hecht 975; 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 (<.3m TL) and of
slender build. These belong to monophyletic clades (Ast 200) in the subgenera Euprepiosaurus and Odatria, and also diﬀer from other varanids in having determinate
growth (de Buffrenil, Ineich & Böhme 2004).
The high species richness of small monitors in eastern Indonesia and Melanesia (see
Pianka & King 2004) has only recently been recognized, principally through the efforts of Wolfgang Böhme and his colleagues. Prior to 990, 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), increasing 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 Sunda Arc islands of Bali and Lombok, between Borneo and Sulawesi, and east of the Philippines (Fig. ). No land connection across it has ever existed. Wallace’s Line marks the
eastern limit of many terrestrial arthropods and vertebrates having Southeast Asian afﬁnities 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 (Metcalfe et al. 200). Within the region termed Wallacea (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 microcontinental fragments, elevated sea bed, and island arcs derived from what might be termed
the geological equivalent of gastrulation. Several small crustal plates and plate fragments are being compressed, rotated and/or subducted between the Asiatic mainland
and the Australian and Paciﬁc plates (Hall & Holloway 998, 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 999), the elevation of the central massif of that island, 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
(Ali, Hall & Baker 200), the appearance and loss of volcanic and forearc islands
within the inner and outer Banda arcs, the Sangihe Arc and Halmahera Arc (Nichols
& Hall 999, 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 connections, island hopping, or sweepstakes rafting) and vicariance in this complex and dynamic 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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it is a center of radiation.

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 established on scattered islands of the Moluccas (Corbett & Hill 992, Nowak 999). If
monitor lizards and small mammalian carnivores are ecologically complementary, we
might expect to see an increase in monitor species richness immediately east of Wallace’s Line.
Fig. 2. Transect from NW to SE
showing numbers of species of
small carnivorous placental mammals, small carnivorous marsupials
(dasyurids), large monitors, and
small monitors from islands and
landmasses located along the
transect shown in Fig. 1. AS =
Asia, MP = Malay Peninsula, SM =
Sumatra, BO = Borneo, JV = Java,
PH = Philippines, SU = Sulawesi,
LS = Lesser Sundas, M = Moluccas, TT = Timor-Tanimbar, AU =
Australia, NG = New Guinea, BI
= Bismarcks, and SO = Solomon
Islands.
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Tab. 1. Database for Fig. 2, including the geographic distributions of species of carnivorous placental and marsupial mammals of <5kg body mass
(see text), and of “small” and “large” varanid lizards. Values for viverrid and herpestid mammals in parentheses refer to introduced species.
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Tab. 2. Body masses (range) and geographic distributions of placental mammals in the areas designated on Fig.1. Entries in parentheses refer to
species introduced and established (X), or introduced but not conﬁrmed as established (?). Abbreviations as in Fig. 1, except A = Aru Islands, B =
Bali, K = Komodo, L = Lombok, and P = Palawan.
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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. ), we
considered potentially competing placental mammals to include all indigenous carnivorous 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 taxonomy and distributional data accepted by Corbett & Hill (992). Additional records
for the current distributions of introduced civets and mongooses were assembled from
several sources (e.g., Flannery 989). We also included distributional information for
the largest extant marsupial carnivores (quolls and phascogales; Strahan 989, Flannery 995) whose current distributions overlap those of monitors. We made an admittedly 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
.3 m. This division corresponds in part to the current phylogeny (Ast 200), which is
phylogeographically concordant but suggests that small body size has evolved independently 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 mammalian carnivores are mutually exclusive, but with an informative twist. Fig. 2 also illustrates 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 majority 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 Australian 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 mammals.
Mon it or P hy l o g e o g r ap hy
An area cladogram for extant varanoid lizards (Fig. 3), based on the phylogeny derived
by Ast (200), is broadly consistent with a Laurasian origin of both Varanoidea and
Varanus. The oldest presently-known fossils unambiguously assigned to the Varanoidea (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 (975),
Estes (983), King, King & Baverstock (99), Sprackland (99), Baverstock et
al. (993), Card & Kluge (995), and Fuller et al. (998), a Laurasian origin model
based on karyotypic, molecular, morphological and fossil evidence has achieved general acceptance. Pepin (999) provided a useful analysis of fossil varanids and concluded
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that a Laurasian ancestry was the most parsimonious concept.
Ast (200) presented a well-corroborated phylogenetic hypothesis for varanoids
that resolved many of the points of conﬂict among prior reconstructions. Ast concluded 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 Australasian 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 Euprepiosaurus 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. salvadorii, 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 Africa 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. komodoensis 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-Tertiary 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 contacted the Philippine Sea plate (far to the south of its present remnants) by 50 mya (Hall
998,
http://www.gl.rhul.ac.uk/searg/current_research/plate_tectonics/index.html),

Fig. 3. Area cladogram
for varanoid lizards, supporting the concept that
Varanoidea is a Laurasian
lineage.
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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 998, 2002) show an extensive island arc system extending 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. proposed that the major divisions in each family are far older. By their analysis, Asian and
Australian agamid lineages putatively diverged ca. 50 mya, African Varanus diverged
ca. 45 mya, and major clade boundaries among Asian and Australian varanids date to
2-20 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 Australia as those units separated and traveled northward to contact the Eurasian landmass, with dispersal from the Indian subcontinent into mainland SE Asia possible after
ca. 50 mya (Hall 998). The fragmentation, transport and accretion of the Cimmerian
terranes that make up much of present-day SE Asia involves earlier events (Metcalfe
998) 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 Gondwana 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 varanoid fossils so far described, and all Paleogene fossils assigned to the family Varanidae, 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 (7-9 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 (Pianka 2004a). The Gondwanan vicariance proposal also predicts
that varanoid lizards had access to South America before its progressive separation
from Africa (ca. 0-95 mya), and (via Antarctica) from Australia until perhaps 40 mya
(Veevers et al. 99), 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 vicariance proposal, which hinges on an accurate calibration of the evolutionary rate of this
portion of the mitochondrial genome (reviewed by Weisrock et al. 200). 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 20.5
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 2 mya. Because Africa and India separated from Gondwana no later than 30 mya (Hall 998, McLoughlin 200), any vicariant events dated
to ca. 20 or 2 mya must have involved Australia alone. However, each of these divisions 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 (200) phylogeny. Members of the V. salvator complex occur widely in the Lesser Sundas, on Sulawesi and the Togian Islands, and old
specimens exist from Obi and Halmahera (W. Böhme, pers. com., 2005). Remaining
taxa in the V. salvator complex range from Sri Lanka to the Philippines, suggesting that
V. salvator s.l. 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. indicus 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 2 mya), since tectonic reconstructions (Hall 2002) show the East Philippines terrane being approached by the New Guinea margin of the Australian plate by about 25
mya, before being translated rapidly northwestward from 6-4 mya to join the western
Philippines. However, the same reconstructions show the western Philippines lying adjacent 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/index.html).
The Gondwanan vicariance model poposed by Schulte et al. (2003) does not explain 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 Euprepiosaurus exclusively east of Wallace’s Line at 2 mya. Conversely, if all non-African clades
have Australian ancestry, the implicit 20-2 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 (200) phylogeny requires a minimum of two
major clades crossing Wallace’s Line prior to 2 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 methodological errors, and cannot support divergence times in excess of 4-4 mya for agamids, or
by extension for varanids as well.
Given the serious mtDNA evolution rate estimation error and extensive incompatibility with the fossil record, plate tectonics and varanid phylogeny, we regard the Gondwanan 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 colonization of the Australian continent is fully consistent with all evidence except the uncorrected mtDNA evolutionary rate constant employed by Schulte et al. When those
rates are properly recalculated (Hugall & Lee 2004), they agree with a Laurasian dispersal model. We propose the following biogeographic scenario for Australasian Varanus, based on Ast’s (200) phylogenetic hypothesis.
() 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 [Böhme & Ziegler, this volume]), the subgenus Odatria, plus remaining Australian species of Varanus.
(2) A clade consisting of the V. olivaceus group and the ancestor of the subgenus Euprepiosaurus 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 998, 2002) are such that relatively short
distances have separated volcanic islands of the Sangihe and Halmahera arcs and a collection 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).
Tw o Hy p ot h e s e s
Small monitors have undergone two adaptive radiations east of Wallace’s line (Euprepriosaurus, 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 hypothesis). 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 discussed 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 observations 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, although 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 992). Similarly, the Philippines lack small monitors
but have a number of small mammalian carnivores (Tab. ). Given this consistent pattern and the evident rafting ability of at least some small monitors, a dispersal limita92
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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 release beneﬁts (Australian) monitors that occur in the absence of placental carnivorous
mammals (Storr 964, Hecht 975). 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 extremely 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 islands, 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
Dickman 996 for a summary) indicate that small mammals and birds are preferred
prey and that varanids are rarely captured. However, most of these studies were conducted in temperate and desert areas rather than tropical woodlands or forests. In a recent ﬁeld study of small varanids in tropical woodlands in northern Australia (Sweet,
this volume) 3 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 individual 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 survivorship cannot be matched by reproductive output.
R e pro du c t i v e Ta c t i c s a n d L i f e Hi s t or i e s
Young monitors (of all species) are very secretive and little is known about their ecology. Field investigations typically either do not encounter large numbers of juveniles,
or show that they occupy completely diﬀerent niches than adults. For example, hatchling and juvenile Komodo monitors are arboreal insectivores (Auffenberg 98), 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 (999) observed single neonates of Varanus glauerti and V.
glebopalma in 0 months of intensive ﬁeld study on the ecology of those species. Juveniles 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 200, 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 exceptionally 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 fraction of adult body weight, larger species on average invest much less (only about onequarter 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.

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 occur 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 certainly live longer than do smaller species. Longer life expectancies would translate into
higher lifetime fecundities, which could oﬀset heavier juvenile mortality. If small monitors did exist west of Wallace’s Line, they would almost certainly suﬀer heavier mortality 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 limitation can adequately explain the absence of small monitor species on lands west of Wallace’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 predatory 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 Säuger in vielen Teilen der Welt eine gewisse Gleichrangigkeit erreicht
haben, nutzen sie hierfür ganz andere metabolische Strategien und sensorische Mechanismen
und werden deshalb in Bezug auf ihre Lebensweise als konvergent mit kleinen räuberischen Säugern eingestuft. Es erscheint deshalb gerechtfertigt, dass auf Teilen der Inselwelt Südostasiens
und in Australien kleine Waranarten ökologische Nischen von Katzen, Musteliden (Marderartigen) und Viverriden (Schleichkatzen) besetzen, die in anderen Teilen der Welt von eben diesen
Säugern besetzt sind. Die Anzahl großer Waranarten (>,3 m GL) ändert sich nicht wesentlich
beim Überschreiten der Wallace-Linie, die eine Verbreitungsgrenze für nahezu alle kleinen, carnivoren, placentalen Säuger darstellt, aber die Zahl kleiner Waranarten (<,2 m GL) steigert sich
östlich dieser Linie abrupt. Wir diskutieren hier alternative Hypothesen dieser Verbreitungsverhältnisse, die nach unserer Ansicht von phylogeographischen Einschränkungen oder einem besonderen Typ ökologischer Wechselwirkungen herrühren könnten. Eine ältere Begründung dieser Erscheinung kann nicht ausgeschlossen werden, ist aber einem direkten Vergleich nicht zugänglich. Kleine Waranarten können, wie bekannt, mit Dasyuriden, räuberischen Beutlern, koexistieren, aber oﬀensichtlich nicht mit placentalen Carnivoren (dieser Punkt unterliegt gegen95
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wärtig infolge der eingeschleppten Katzen und Füchse in Australien einem ungewollten Test). Da
Juvenile von Großwaranarten ganz oﬀensichtlich in Gegenwart placentaler Carnivoren westlich
der Wallace-Linie überleben können, vermuten wir, dass eher Jagdstrategien als der Wettbewerb
um Ressourcen die beobachteten Verhältnisse beinﬂusst hat. Von Großwaranen werden große
Gelege produziert, und ihre Nachkommen entwachsen schnell dem gefährlichen Größenstadium, während Kleinwarane kleine Gelege produzieren und stets einer großen Mortalität durch
räuberische Mammalier unterliegen. Daraus schließen wir, dass sie nicht mit placentalen, carnivoren Säugern über evolutionäre Zeiträume koexistieren können.
Schlüsselwörter: Squamata: Varanidae; konkurrierende carnivore Säuger; Indo-Australien:
Wallace-Linie.
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