while not inconsistent with stochastic ac-
cretion, are unexpected in this process (32)
and may suggest that their obliquities have
evolved since formation. (iii) We have
assumed that each impactor is completely
accreted when it strikes a planet; in large
impacts, particularly at high velocities,
fragmentation and loss of ejecta with high
angular momentum may be important (34).
(iv) The spin rates of Jupiter and Saturn,
which probably arose during the accretion
of their gas envelopes, are not understood
theoretically and merit detailed hydrody-
namic calculations. In contrast, our results
may apply to Uranus and Neptune, ~90%
of whose mass consists of solids. Applying
Eq. 13 implies m)/M, = 0.15, similar to the
values deduced for the terrestrial planets.
The large obliquities of Uranus (98°) and
Neptune (29°) are also consistent with sto-
chastic accretion, although the obliquities
of the giant planets may alternatively have
arisen from rotation of the ecliptic plane
after planet formation was complete (7).
Note added in proof: A new preprint by
Laskar and Robutel (35) argues that the
obliquity of Mars wanders chaotically over
the range 0° to 60° and that the obliquities
of all the terrestrial planets may have passed
through chaotic states in the past. Their
results strengthen the case for stochastic
accretion by implying that the primordial
obliquity of Mars may have been as large as
60°; however, chaotic obliquity evolution
provides a possible mechanism for reversing
the spin of Venus, so the primordial spin of
Venus may have been prograde. Chaotic
obliquity evolution does not affect argu-
ments for stochastic accretion based on spin
rates because it changes only the orienta-
tion, not the magnitude, of the spin vector.
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Mechanisms in the Competitive Success of an
Invading Sexual Gecko over an Asexual Native

Kenneth Petren, Douglas T. Bolger, Ted J. Case

The competitive displacement by a sexual gecko species of an asexual resident gecko has
been documented over a wide geographic area. To test hypotheses concerning the
detailed mechanism of this displacement, an experimental system was developed to foliow
populations of geckos in a duplicated, controlled environment that closely approximates
the natural arena for the competitive interaction. Asymmetric competition occurred only in
the presence of light, which attracts a dense concentration of insect food sources. The
mechanism of competition was partly due to the behavioral dominance of the larger sexual
species over the smaller asexual species in areas near the concentrated food. However,
this behavior resulted from an avoidance response of subordinate asexuals rather than

overt aggression by the sexual species.

The mechanisms that enable exotic spe-
cies to thrive at the expense of native
species are often unclear. There are many
examples of the decline of native species
after the arrival of an exotic species (I, 2).
A competitive mechanism is frequently
proposed to explain such phenomena, but
rarely has such a mechanism been isolated
and tested in an experimental setting, es-
pecially in vertebrates.

We have documented the recurrent hu-
man-aided arrival and distribution of the
house gecko Hemidactylus frenatus to islands
in the tropical Pacific Ocean and the con-
comitant numerical decline of species that
previously occupied buildings on these is-
lands (3). The invader H. frenatus is a
sexual species, whereas at least two of the
species it supplants are asexual partheno-
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gens, Hemidactylus garnotti and Lepidodacty-
lus lugubris. Around the time of World War
II H. frenatus reached Oahu, Hawaii, and
reached Fiji, Vanuatu, and Samoa probably
in the last 20 years (2). It was first recorded
in Tahiti in 1988 and on the Micronesian
islands of Arno Atoll, Ponopei, and Kosrai
this year (specimens are in the California
Academy of Science). _
Documentation of the decline of gecko
species that previously occupied the noctur-
nal, insectivorous house gecko niche comes
from two sources: a comparison of historical
collection records to current census surveys
(3) and a 5-year experiment in Suva, Fiji
(4). On islands like the Cook Islands that
have yet to be colonized by H. frenatus, L.
lugubris is extremely common on buildings,
whereas H. garnotti is patchy in distribution
and abundance. These studies present un-
ambiguous evidence of the strong domi-
nance of H. frenatus over L. lugubris. How-



ever, they do not illuminate the mechanism
by which H. frenatus overcomes a twofold
disadvantage when compared to L. lugubris
in reproductive success (5) to emerge as the
most abundant gecko species in the urban-
suburban landscape. In laboratory enclo-
sures, H. frenatus is behaviorally dominant
to L. lugubris (6) for two reasons: adult H.
frenatus are larger in body length and mass
than L. lugubris [in these species and other
lizards, body size and dominance are corre-
lated (7)] and in size-matched individuals,
males, which appear only in H. frenatus, are
more aggressive than asexual females.

Field counts of the two species in dif-
ferent habitats reveal that the competitive
exclusion is primarily confined to urban
and suburban habitats (particularly in the
more xeric parts of islands), whereas in
native villages or native forest habitats the
most common gecko is often L. lugubris (3,
8). These observations suggest that the
urban environment augments the compet-
itive advantage of H. frenatus.

To account for these observations, we
hypothesized that the agonistic dominance
of H. frenatus over L. lugubris would lead to
competitive success when insect prey were
concentrated in areas that could be defended
by the larger and more aggressive H. frena-
tus. Buildings with lights act like giant insect
malaise traps because lights attract high con-
centrations of insects, the building’s vertical
walls intercept their flight paths, and the
upward movements of the insects are further
impeded by overhanging eaves.

Figure 1 summarizes the biogeographic
pattern of displacement of L. lugubris by H.
frenatus by comparison of the densities in
sympatry and allopatry. This displacement
results in a numerical decline in L. lugubris
rather than a proportional increase in H.
frenatus relative to L. lugubris. Lighted
buildings support significantly higher num-
bers of geckos than do dark buildings (9),
which suggests that insects may be a limit-
ing resource. Both species maintain higher

Fig. 1. Gecko density with regard to geograph-
ic location and light. The mean densities (and
standard errors) of H. frenatus (Hf) (top two
plots) and L. lugubris (L/) (bottom two plots) in
sympatry and in allopatry (2) and on electrically
lighted (dotted lines) and unlighted (solid lines)
buildings are shown (Cp = Cosymbotus platyu-
rus). Density is the logarithm of the number of
geckos seen, per investigator, per minute of
search time during a slow walk around build-
ings with headlamps. This measure of density is
highly correlated with actual density estimates
based on multiple mark-and-recapture studies

densities on lighted versus unlighted build-
ings (Fig. 1), which supports our hypothesis
that light may influence the observed pat-
terns. Because insect densities are high near
the lights and the flat structure of building
walls makes these concentrated resources
defensible (10), we hypothesized that be-
havioral exclusion by H. frenatus of L.
lugubris in these areas would be a more
likely mechanism of competition than re-
source depletion.

We investigated the role of light in this
competitive displacement at the scale of the
population as well as at the scale of the
individual. First we tested two alternative
hypotheses: (i) Competition does not occur
between these species and (i) competition
occurs and is affected by the insect aggrega-
tion around lights. We subsequently tested
our hypothesis that the mechanism in-
volves the exclusion of L. lugubris by H.
frenatus from the concentrated insect re-
source around the light.

QOur experimental units were 18 repli-
cate aircraft hangars (11) at Barbers Point
Naval Air Station on Oahu, Hawaii (Fig.
2). These units are structurally similar to
houses and nearly as large, thus mimicking
the natural setting in which the competi-
tive displacement occurs. Each hangar re-
ceived a total of 20 geckos (12). We used a
nested two-factor experimental design: H.
frenatus alone, L. lugubris alone, and H.
frenatus and L. lugubris combined, each
with and without light. Each of the six
experimental paradigms was run in parallel
in three hangars (18 total). All experimen-
tal populations were taken from lighted
urban environments in which both species
were present. For the experiments with two
species, an equal number (ten) of each
species was used, whereas 20 of each were
used in the single-species treatments. Each
H. frenatus group was stocked at an equal
sex ratio. In lighted treatments, a small
fluorescent light (8 W) was placed at the
back and center of the hangar (13). The
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(r = 0.81; P = 0.0007). P values [from two-factor analyses of variance (ANOVAs)] that contrast
geographic areas are 0.228 for H. frenatus and 0.0001 for L. lugubris, and P values that contrast
lighted and unlighted buildings are 0.36 for H. frenatus and 0.70 for L. lugubris. Numbers of L.
lugubris drop precipitously on islands that H. frenatus has invaded (region Hf + L/). The overall
abundance of geckos on buildings declines in areas in which L. lugubris increases in abundance

(mid- and eastern Pacific).
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relative positions of the lighted and un-
lighted hangars are shown in Fig. 2.
Censuses (13 in all) were conducted
every 8 days and consisted of measurements
of each gecko’s weight, snout-vent length,
egg production (visible through the semi-
transparent ventral abdominal skin), and
tail length (14). Insect abundances were
also counted at 8-day intervals (15). Rela-
tive body condition at each census was
assessed by each gecko’s residual deviation
from a linear regression of the log of body
weight versus snout-vent length (16). Dead
and missing geckos were replaced at tri-
weekly restockings. Occasionally, missing
geckos (those that were absent in two con-
secutive censuses) would reappear after re-
stocking; gecko numbers per hangar were
maintained between 15 and 21. Survivor-
ship was estimated as the proportion of
introduced geckos remaining after a given
time interval. Fecundity was measured as
the sum of the number of state changes per
egg for each species in a given hangar (17).
Night foraging position near the light
was assessed with additional observational
units that were constructed to help monitor
behavioral interactions of geckos foraging
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Fig. 2. Experimental units. Each of the 18
aircraft hangars was modified for experimental
purposes. (A) Teflon paint (Fluon) was painted
around the entire entrance and on the floor
barrier to keep geckos from leaving or entering.
Eight refuges (dark rectangles) were mounted
on the wall and used by geckos during the day.
The entrance is approximately 17 m across by
5 m high, allowing free passage of natural
insects. (B) Orientation of the various hangars
(dark half circles) relative to each other. Spe-
cies combinations are noted in capital letters (H
= H. frenatus, L = L. lugubris). Hangars with
lights (shown with a white dot) faced each other
so that lights were never visible to geckos or
insects in the dark treatments.
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