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Abstract On islands across the Paci®c the invasion of the
gecko Hemidactylus frenatus has caused a decline in the
abundance of a resident gecko, Lepidodactylus lugubris.
In a previous study we demonstrated that the prevalence
of the cestode Cylindrotaenia sp. is higher in the resident
gecko on islands where it is sympatric with the invader
than on islands where it occurs alone. In the present
study we experimentally test whether the presence of the
invading gecko causes an increase in parasites, particu-
larly Cylindrotaenia sp., in the resident. In addition, we
test whether the e�ect of the invader on parasite preva-
lence in the resident is mediated through an increase in
corticosterone in the resident. Corticosterone is the pri-
mary glucocorticoid, or ``stress'' hormone in lizards, and
chronic elevation in corticosterone may suppress some
types of immune responses. After experimental manip-
ulations of interspeci®c interactions (single vs. mixed
species treatments) and intraspeci®c densities (high vs.
low), we detected no di�erence in parasite prevalence or
circulating corticosterone among the experimental
treatments in either L. lugubris or H. frenatus. Circulat-
ing levels of corticosterone were higher in geckos sampled
at night than geckos sampled during the day, indicating a
circadian cycle in corticosterone levels in these nocturnal
animals. Circulating levels of corticosterone were higher
in experimental geckos than in geckos that had not been
used in the experiment, and, in some groups, higher in
geckos infected with cestodes than in uninfected geckos.
Circulating levels of corticosterone did not di�er between

non-experimental H. frenatus and L. lugubris, but when
geckos used in the experiment were compared, circulat-
ing levels of corticosterone were signi®cantly higher in
H. frenatus than in L. lugubris.
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Introduction

Competitive displacement of one species by another can
occur when one or more of the following processes take
place: (1) individuals of one species interfere directly
with individuals of another (interference competition),
(2) one species sequesters a larger portion of common
resources than another (exploitation competition) (Birch
1957; Case and Gilpin 1974; Schoener 1977), or (3) at-
tacks by a predator or parasite on one species increase in
the presence of the second species (apparent competi-
tion) (Holt 1977, 1984).

The ongoing competitive displacement of the native
Paci®c island gecko Lepidodactylus lugubris by the
invading gecko Hemidactylus frenatus o�ers a unique
opportunity to study the mechanisms of each of these
avenues of competition as well as their interactions. On
many islands L. lugubris and other nocturnal gecko
species have been or are being competitively displaced
by H. frenatus. On these islands, H. frenatus has typi-
cally replaced L. lugubris as the major component of the
house gecko guild and the density of L. lugubris has
declined dramatically (Petren et al. 1993; Case et al.
1994; D.T. Bolger and T.J. Case, unpublished manu-
script). Experimental manipulations have demonstrated
that it is the presence of H. frenatus, rather than a cor-
related factor, which drives this decrease in L. lugubris
(Petren et al. 1993; Petren and Case 1996; D.T. Bolger
and T.J. Case, unpublished manuscript).

Experimental studies of exploitation and interference
competition between L. lugubris and H. frenatus (Petren
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et al. 1993; Petren and Case 1996) have shown that
H. frenatus disproportionately depletes insect resources
shared by the two species, thereby causing a decrease in
the body condition, fecundity, and survival of L. lug-
ubris. Active interference (Maurer 1984), in contrast, is
extremely rare, and other interference mechanisms are
subtle and do not appear to account for the magnitude
of the interaction (Petren et al. 1993; Petren and Case
1996).

Previous experiments did not rule out the potential
for apparent competition to a�ect the observed e�ects of
H. frenatus on L. lugubris. Indeed, an earlier survey of
the helminths of both H. frenatus and L. lugubris on
islands across the Paci®c where the two are sympatric
and islands where each occurs alone suggested a possible
role for apparent competition (Hanley et al. 1995). Only
one parasite of L. lugubris, the cestode Cylindrotaenia
sp., infected more than 5% of the geckos surveyed. The
prevalence of this cestode was signi®cantly higher in
L. lugubris in sympatry with H. frenatus. This biogeo-
graphic pattern cannot be attributed simply to the in-
troduction of the cestode to L. lugubris by H. frenatus,
because Cylindrotaenia sp. infects L. lugubris both in
sympatry and allopatry with H. frenatus, and is also
almost never detected in H. frenatus.

In this study we tested whether the presence of
H. frenatuswould cause an increase in cestode prevalence
in L. lugubris in experimental enclosures. In addition, we
investigated one potential mechanism by which H. fre-
natus might e�ect such an increase in cestode prevalence
in its competitor. The documented e�ect ofH. frenatus on
the body condition of L. lugubris (Petren and Case 1996)
suggested an avenue by which the invader could a�ect
parasite prevalence in the resident. Many types of unfa-
vorable conditions (i.e., starvation, cold, high density,
intraspeci®c aggression and others) have been shown to
cause increased secretion of their primary glucocorticoid
hormone, corticosterone, in reptiles (e.g. Greenberg and
Wing®eld 1987; Elsey et al. 1990; Lance 1990). Increased
corticosterone in reptiles has in turn been shown to lead
to a decrease in circulating lymphocyte numbers (Saad et
al. 1987; Morici et al. 1997) and to be associated with
infection by malaria (Dunlap and Schall 1995). Therefore
we hypothesized that exposure to H. frenatus and a
consequent decline in body condition cause an increase in
circulating corticosterone in L. lugubris which in turn
increases their susceptibility to cestodes.

To test this hypothesis we measured circulating levels
of corticosterone and gut, lung and ectoparasites of
L. lugubris and H. frenatus that had been held in either
single or mixed (L. lugubris + H. frenatus) species
treatments at either high or low density for approxi-
mately 6 months. We predicted that if the stress of in-
teracting with H. frenatus increases the susceptibility of
L. lugubris to cestodes, then we should see a non-recip-
rocal increase in both the average level of circulating
corticosterone and the average cestode prevalence of
L. lugubris held in the mixed-species treatments com-
pared to the single-species treatments.

Materials and methods

L. lugubris (abbreviated asLl in this section and in Results) is a small
(averaging 44 mm snout to vent in this experiment) parthenogenetic
gecko; H. frenatus (Hf) is a larger (averaging 55 mm snout to vent)
sexual species. Petren and Case (1996) stocked the two species in
abandoned aircraft hangars (revetments) at Barber's Point Naval
Air Station on Oahu, Hawaii. Hangars are concrete half-domes 17
m wide by 14 m deep by 6 m high; each was divided into two en-
closures with a stripe of Fluon (a te¯on-based paint on which geckos
cannot walk) down the center of the hangar and along its walls and
base. Fences were erected across the opening of each hangar to
exclude terrestrial predators; ¯ying insects had free access. Each
enclosure was equipped with arti®cial refuges, water dishes, and a
single ¯uorescent light. Aluminum ba�es were placed between the
two halves of each hangar so that geckos in one enclosure could not
see geckos in the neighboring enclosure. A blind was erected in the
center of each hangar for behavioral observations.

Geckos were stocked in enclosures as single- or mixed-species
treatments at either high (14 geckos per species) or low (7 geckos
per species) densities. The treatments were as follows, with
abbreviations for each treatment in parentheses. Single-species
treatments: 14 Hf (Hf-hi), 7 Hf (Hf-lo), 14 Ll (Ll-hi), 7 Ll (Ll-lo);
mixed-species treatments: 14 Ll and 7 Hf (Ll-hi + Hf), 7 Ll and 7
Hf (Ll-lo + Hf). The densities of both species used in the exper-
iment were chosen to bracket natural densities (Petren and Case
1996). Replicates were arranged in the following fashion: four
hangars contained one Hf-hi and one Hf-lo replicate each, four
hangars contained one Ll-lo and one Ll-lo + Hf replicate each,
and 4 hangars contained one Ll-hi and one Ll-hi + Hf replicate
each.

Enclosures were stocked with geckos from lighted urban areas
where both species were present (see Petren and Case 1996 for
details of the layout and protocols). Each gecko was marked with
an unique pattern of toe-clips and a pattern of stripes of acrylic
paint on its dorsum. Enclosures were censused every 14±21 days, at
which time each gecko's length, weight, tail condition, and egg
production were recorded.

The experiment lasted for 148 days between 10 February 1993
and 5±7 July 1993. Dead and missing geckos were replaced after
each census to maintain experimental densities; consequently, the
total number of days an individual gecko spent in an enclosure
ranged from 12 to 148 days. At the end of the experiment, all
geckos were collected and plasma and parasite samples were taken
as described below.

Plasma collection

Basal levels of corticosterone can follow circadian (Lance and
Lauren 1984) and circannual (Zerani and Gobetti 1993) cycles; to
minimize variation due to such cycles, all geckos from the enclosures
were collected between 1000 and 1445 hours on 5, 6, and 7 July 1993.
To avoid a surge in corticosterone due to handling stress (Moore et
al. 1991), each gecko was captured by one person and immediately
handed over to another who decapitated and bled it into a 1.5-ml
heparinized plastic tube. No more than 3 and usually only 1 min
elapsed between initiation of pursuit and decapitation of any gecko.
Each carcass and blood sample was placed into a labelled plastic bag
and held in a cooler on ice until that evening. All geckos in both
enclosures of a hangar were killed during one bout, which usually
lasted about 30 min. On the same days, we collected 18 Ll and 25Hf
which were not being used in the experiment, between 1000 and 1445
hours; some of these were collected from the outsides of the bunkers
and surrounding vegetation and some were geckos which had in-
vaded the bunkers since the most recent census or had hatched from
eggs laid in the enclosures. This group will be referred to as Day NE
(for non-experimental). Because we needed to decapitate and bleed
non-experimental animals quickly, we did not measure snout-to-
vent length or weight of these geckos. To test for circadian cycling of
corticosterone, we also collected 18 Hf foraging on vegetation and
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the outside walls of hangars between 1900 and 2200 hours on 9 July
1993. We will call this group Night NE. Both experimental and non-
experimental geckos were living in similar habitats and were some-
times intermixed in the enclosures, but non-experimental geckos had
never been handled for marking or censusing prior to their capture
for this study.

Red blood cells were separated in a desktop clinical centrifuge,
and the plasma pipetted o� into a new tube and stored on either
liquid nitrogen or dry ice for shipment. Plasma samples were then
held at )80°C until they were assayed for corticosterone. In total,
344 geckos were collected; some geckos died in the enclosures or
escaped between censuses. Forty-®ve smaller geckos (30 Ll and 15
Hf) did not produce enough plasma for analysis. Fourteen of the
plasma samples taken were excluded from analyses because of
uncertainty about their identity.

Radrioimmunoassay

Because of the small volume of plasma available, usually between
1±20 ll from Ll and between 10±40 ll from Hf, only about half of
the samples were analyzed in duplicate tubes; in the other half, the
total volume of plasma was used in one tube. Plasma was aliquoted
into individual tubes, extracted into 2 ml of 3:2 ethyl acetate:hex-
ane mix, mixed for 20 s in a vortex mixer and then snap-frozen in a
dry ice/methanol mix. The organic phase was decanted into clean
10 ´ 75 mm disposable culture tubes and evaporated to dryness
under a stream of nitrogen in a 37°C water bath (technique
modi®ed from Lance and Lauren 1984). One hundred ll of ICN
steroid diluent was then added and samples were mixed in a
vortex mixer.

Samples were analyzed at random in one of four separate co-
rticosterone assays (150±200 samples per assay) using the ICN rat
125I corticosterone kit with the following modi®cations: (1) the
standard curve was extended from 10 ng/ml (rather than 25 ng/ml)
to 1000 ng/ml by diluting the calibrators; (2) gecko samples were
only diluted ´20±´100 (depending on total volume available) rather
than the ´200 recommended by the kit protocol; (3) two di�erent
samples (alligator) were run in every assay to determine interassay
variability (inter- and intra-assay variability were 18% and 24%,
respectively).

Parasites

A number of parasites have been identi®ed from Hf and Ll on
Oahu, including seven species of coccidia (Upton et al. 1991,
1994), seven species of nematodes, two species of cestodes, one
pentastomid species (Bursey and Goldberg 1996, and unpub-
lished data) and two species of ectoparasitic mites (Tenorio
1985).

We examined each carcass with a ´10 magnifying lens for
ectoparasites and assigned it a rank of 1 (0±10 mites), 2 (10±100
mites), or 3 (>100 mites) (the heads of the geckos were often lost
during decapitation so this survey only covered the trunk and
limbs). We then opened the carcass, and if a fecal sample was
available, pressed it from the lower gut and placed it in 2.5%
K2Cr2O7 and removed the gut and lungs into 95% ethanol. We
collected a total of 344 gut and lung samples, but 11 samples
leaked ethanol and rotted prior to examination. Fecal samples
were surveyed for coccidia oocysts (methods in Upton et al. 1991)
and guts and lungs were opened and surveyed for helminths
under a dissecting microscope. All helminths were identi®ed by
Charles Bursey (Pennsylvania State University-Shenango Cam-
pus) and Stephen Goldberg (Whittier College). Mites were
identi®ed by Wayne Brown (University of Hawaii at Manoa).
Coccidia were identi®ed by one of the authors (KAH) and con-
®rmed by Steve Upton (Kansas State University). We did not
attempt to survey for blood parasites in this study because we
had not found any in an exhaustive survey of Paci®c islands
(Hanley et al. 1995).

Statistical Analysis

We manipulated two factors in this experiment: intraspeci®c den-
sity and presence of a competing species. These factors were
completely crossed for Ll and their e�ects were analyzed using a
two-factor ANOVA. These factors were not completely crossed for
Hf, so for this species the e�ect of treatment was tested using a one-
factor ANOVA or, to test the e�ect of treatment on the prevalence
of multiple species of parasites, MANOVA. Because geckos in a
replicate do not represent independent data points, the mean values
per replicate (for continuous data) or the arcsin-transformed pro-
portions per replicate (for nominal data) were used in the ANOVAs
outlined above (following Petren and Case 1996).

To compare experimental and non-experimental geckos, we
randomly assigned each of the non-experimental geckos within a
species to one of four groups and calculated the mean value or the
proportion per group. Analyses of parasites were limited to para-
sites with an overall prevalence (percentage of host population that
is infected, Margolis et al. 1982) greater than 15%. In comparisons
for which we used multiple parasite species from the same animals,
we corrected for multiple comparisons using a sequential Bonfer-
roni technique (Rice 1989) and report the corrected P-values.

Results

Corticosterone

Corticosterone concentrations ranged from 1 to 38.7 ng/
ml in Ll and 1 to 145 ng/ml in Hf (Fig. 1). After log-
transformation, the distribution of corticosterone con-
centrations did not di�er signi®cantly from normal for
the 18 Night NE Hf (chi-square test, P � 0.9), 15 Day
NE Hf (P � 0.1), 17 Day NE Ll (P � 0.1), and 108

Fig. 1 Histograms of the distribution of corticosterone concentra-
tions (in ng/ml) in all Lepidodactylus lugubris and Hemidactylus
frenatus surveyed in this study. Open bars represent geckos used in the
experiment, black bars represent non-experimental geckos collected
during the day (Day NE), and hatched bars represent non-
experimental geckos collected at night (Night NE). Note that the
scale for corticosterone concentration (x-axis) is not the same for the
two species
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experimental Hf (P � 0.5). However, the distribution
of corticosterone concentrations in the 127 experimental
Ll were signi®cantly di�erent from normal (P < 0.01)
after log-transformation. Unless otherwise noted, all
statistical tests report results for transformed data.

Corticosterone concentrations in some individuals
fell either above or below the range of the assay; we
arbitrarily assigned values of 1 ng/ml to low-concen-
tration individuals (3 Hf and 25 Ll) and 200 ng/ml to
high-concentration individuals (3 Hf). We repeated all
comparisons of experimental treatments without these
arbitrary values and in no cases did the results change.
One-third of the non-experimental Ll had low corti-
costerone concentrations; excluding these values did
render signi®cant di�erences within this group (com-
parisons of cestode-infected and uninfected geckos) and
between this group and other groups (comparisons of
enclosure occupancy time) non-signi®cant because
sample sizes became extremely small, but did not qual-
itatively alter relationships.

Corticosterone levels were signi®cantly higher in
Night NE Hf than in Day NE Hf (t-test, n � 33,
P � 0.002: mean Day NE Hf concentration � 4.9 ng/
ml, mean Night NE Hf concentration � 17.4 ng/ml),
suggesting a circadian cycle of corticosterone in this
species. Consequently Night NE Hf are analyzed sepa-
rately from experimental Hf and Day NE Hf in all of the
following analyses.

Mean corticosterone levels of Day NE Ll and Day
NE Hf were not signi®cantly di�erent (t-test, n � 32,
P � 0.31: mean Hf concentration � 4.9 ng/ml, mean
Ll concentration � 3.4 ng/ml). In contrast, corticos-
terone levels were signi®cantly higher in experimental Hf
than experimental Ll (Mann-Whitney U-test, n � 235,
P < 0.0001; mean Hf concentration � 28.3 ng/ml,
mean Ll concentration � 6.4 ng/ml).

Handling and captivity can cause an increase in
corticosterone in lizards (Moore et al. 1991). Although
they were held under conditions that closely mimicked
their natural environment, experimental geckos were
handled every 2 weeks and they were prevented from
emigrating from the enclosures. Mortality over the entire
course of the experiment averaged 32% (�0.13 SD) for
Ll and 30% (�0.1 SD) for Hf. Because some geckos
died or escaped and were subsequently replaced over the
course of the experiment, the length of time geckos spent
in the enclosures ranged from 0 days (for non-experi-
mental geckos) to 148 days (the maximum time). Mean
occupancy time in the enclosures among experimental
geckos did not di�er among treatments for either Hf or
Ll (two-factor ANOVA, P > 0.15 for both factors and
for the interaction between factors). Mean occupancy
time did not di�er between the Hf and Ll used for
hormone analyses (Mann-Whitney U-test, n � 235,
P � 0.13), although when all experimental geckos are
included in the analysis, Ll spent signi®cantly longer in
the enclosures than Hf (mean occupancy for Ll � 107.1
days, for Hf � 91.9 days; Mann-Whitney U-test,
n � 279, P � 0.03).

To analyze the e�ect of duration of captivity on
corticosterone, we assigned each individual to one of the
following enclosure occupancy categories: Day NE (0
days in the enclosure, 32 geckos), very short (1±15 days,
37 geckos), short (15±60 days, 30 geckos), medium (61±
120 days, 57 geckos), and long (121±148 days, 111
geckos); divisions were based on natural breaks in a
histogram of enclosure occupancy times. We compared
corticosterone levels among enclosure occupancy cate-
gories using a Kruskall-Wallis test. Note that this test
treats individuals as independent. This is justi®ed be-
cause the comparison being made is outside the design of
the experiment; individuals from a single replicate are
assigned to multiple di�erent enclosure occupancy cat-
egories. Corticosterone levels di�ered signi®cantly
among the enclosure occupancy categories in both Hf
(Kruskall-Wallis test, n � 123, P � 0.0004) and Ll
(Kruskall-Wallis test, n � 144, P � 0.02). Pairwise
comparisons among groups revealed that among Hf all
time categories in the enclosure were signi®cantly higher
than Day NE (Mann-Whitney U-test, P for all com-
parisons < 0.005), but that none of the time categories
in the enclosure di�ered from each other (P > 0.1 for all
comparisons Fig. 2). Among Ll, corticosterone levels
were signi®cantly higher in medium and long time cat-
egories than in Day NE or the very short time category
(P < 0.05 for all comparisons); no other categories
di�ered signi®cantly (P > 0.09 for all comparisons,
Fig. 2).

Various physical characteristics, such as sex, size,
body condition and reproductive state, have been shown
to a�ect or be correlated with corticosterone concen-
trations in some reptile species (e.g. Elsey et al. 1990;
Wilson and Wing®eld 1992). Among non-experimental
geckos, corticosterone levels did not di�er between
gravid and non-gravid Hf females (t-test, Day NE:

Fig. 2 The average corticosterone concentration (ng/ml) �1 SE of
geckos held in the experimental enclosures for one of the ®ve
enclosure occupancy categories described in the text. Open bars
represent values for H. frenatus, shaded bars represent values for
L. lugubris
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n � 12, P � 0.21; nighttime controls: n � 10, P �
0.21) or gravid and non-gravid Ll (t-test, n � 9 because
not all geckos were checked for eggs, P � 0.32) or be-
tween male and female Hf (t-test, Day NE: P � 0.5;
Night NE: P � 0.75). Length and weight measurements
were not taken for non-experimental geckos. Among
experimental geckos, corticosterone levels did not di�er
between male and female Hf (t-test, n � 108,
P � 0.32) or between gravid and non-gravid females of
either Hf (t-test, n � 74, P � 0.34) or Ll (Mann-
Whitney U-test, n � 127, P � 0.9). Corticosterone
levels did not vary with snout-vent length (Spearman
rank correlation, Hf: P � 0.26; Ll: P � 0.95) or body
condition [measured as the residual deviation from a
linear regression of log weight versus snout-vent length
(Petren et al. 1993); Spearman rank correlation, Hf:
P � 0.25 ; Ll: P � 0.40]

Corticosterone levels did not di�er among experi-
mental treatments in either of the gecko species. A two-
factor ANOVA revealed no e�ect of either intraspeci®c
density or the presence of Hf on the corticosterone level
of Ll (P > 0.35 for both factors and for the interaction
between factors). Because Hf treatments were incom-
pletely crossed for the presence of Ll, we used a one-
factor ANOVA to compare the four Hf treatments;
again there was no di�erence among treatments in
corticosterone levels (P > 0.85). We repeated each of
these analyses using only geckos which had been in the
enclosures for more than 60 days but in no case did we
detect any signi®cant di�erences among treatments
(P > 0.4). Figure 3 shows the mean corticosterone
value per replicate for each treatment in each species.

Parasites

The identity, prevalence, and mean intensity of endo-
parasites infecting both Ll and Hf are listed in Table 1.
With one exception [Pharyngodon lepidodactylus n. sp.
(Bursey and Goldberg 1996)] the endoparasites infecting
Ll were a subset of those infecting Hf. Ll and Hf were
infested by di�erent species of ectoparasitic mites.

Cestodes, Cylindrotaenia sp., were the only parasites
of Ll with a prevalence greater than 15%. A two-factor
ANOVA revealed no e�ect of either the presence of
H. frenatus, intraspeci®c density, or the interaction be-
tween the two factors on the cestode prevalence in Ll
when all individuals were included in the analysis
(P > 0.4 for all comparisons). Nor did cestode preva-
lences di�er between experimental geckos and non-ex-
perimental geckos (unpaired t-test, n � 20, P � 0.19).
Figure 4 shows the mean cestode prevalence per repli-
cate in Ll in each treatment. Since the amount of time
that individual geckos spent in the enclosures varied,
and we expected that any e�ects of the treatments would
not be manifested immediately, we limited the analysis
of cestode prevalence in Ll to geckos that had occupied
the enclosures for 60 days or longer (see section on
Corticosterone for a discussion of time divisions in the

data). However, this limitation did not qualitatively alter
the results (two-factor ANOVA, P > 0.4 for all com-
parisons).

We tested for an association between cestode infec-
tion and body mass corrected for length (a measure of
body condition) across all treatments in experimental Ll.
An ANCOVA analysis using the log of snout-vent
length as the covariate revealed no association between
the log of body mass and the presence/absence of the
cestode Cylindrotaenia sp. (n � 129, P � 0.33).

A MANOVA revealed no e�ect of treatment on the
prevalence of gut and lung parasites of Hf (the parasites
included in the analysis are listed in Table 2; Wilks'
lambda � 0.198, P � 0.34), and these results were not
qualitatively altered by limiting the analysis to geckos
that had been in the enclosures for more than 60 days.
The prevalence of Skrjabinelazia machidai was signi®-
cantly greater among experimental geckos than among
non-experimental Hf (unpaired t-test, n � 20, P <
0.001); the prevalence of the other parasites listed in
Table 2 did not di�er between experimental and non-
experimental geckos (P > 0.1 for all comparisons).
When coccidia results were divided into treatments, the
prevalence was too low for statistical analysis.

We tested for an association between infection by
particular parasites and body mass corrected for length.

Fig. 3 Mean (�1 SE) corticosterone concentration per replicate for
L. lugubris and H. frenatus separately in each experimental treatment.
Note that the scale for corticosterone concentration (y-axis), and the
treatments (x-axis) di�er between the two species
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An ANCOVA analysis using the log of snout-vent
length as the covariate showed no association between
body mass and infection by any of the parasites listed in
Table 2 (P > 0.15 for all comparisons).

Parasites and corticosterone

Finally, we tested whether parasitic infection was asso-
ciated with changes in circulating corticosterone. Be-
cause corticosterone increased with captivity, we divided
geckos of each species into two groups based on their
mean corticosterone levels: (1) non-experimentals and
enclosure occupancy categories that did not di�er from
non-experimentals and (2) enclosure occupancy catego-

Table 1 Identity, site of infection, prevalence (P: % infected in-
dividuals in the population) and mean intensity (MI: number of
parasites per infected individual) (Margolis et al. 1982) of parasites
infecting both Hemidactylus frenatus and Lepidodactylus lugubris
across all treatments. No abundance data are available for cestodes

or coccidia. Mite infestations are assigned to ranks (1 = 0±10
mites, 2 = 10±100 mites, 3 = >100 mites) (n number of hosts
surveyed for the corresponding parasite, ± indicates that a measure
of mean intensity is not applicable because prevalences is 0; nm
prevalence or mean intensity was not measured)

Parasite H. frenatus L. lugubris Site of infection

P MI P MI

Pentastomids n = 164 n = 169 Lungs
Raillietiella frenatus 27% 3.2 4% 1.1

Nematodes n = 164 n = 169 Gut
Spauligodon hemidactylus sp. n.a 21% 3.5 0 0
Skriabinelazia machidai 24% 2.1 1% 1
Pharyngodon lepidodactylus sp. n.b 0 ± 1% 1
Physocephalus sp. 1% 1 0 ±
Physaloptera sp. 1% 1 0 ±
Gongylonema sp. 1% 1 0 ±
Parapharynogodon sp. 1% 1 0 ±

Cestodes n = 164 n = 169 Gut
Oochoristica sp. 31% nm 2% nm
Cylindrotaenia sp. 5% nm 19% nm

Coccidia n = 85 n = 87 Unknown
Eimeria dixoni 12% nm 1% nm
Eimeria furmani 8% nm 1% nm
Eimeria frenatus 8% nm 0 nm
Eimeria rochalimai 19% nm 0 nm
Isopora schlegeli 8% nm 0 nm
Isopora frenatus 7% nm 3% nm

Acarina n = 158 n = 177 Epidermis
Geckobia keegani nm 1.7 nm 0
Geckobiella texana nm 0 nm 1.0

a S.R. Goldberg and C.B. Bursey, personal communication
bGoldberg and Bursey (1996)

Fig. 4 Mean (�1 SE) prevalence per replicate ofCylindrotaenia sp. in
L. lugubris in each experimental treatment

Table 2 Mean prevalence per replicate (or for Geckobia keegani
proportion of individuals with infestation rank >1) of ®ve species
of parasites in H. frentaus hosts in each of ®ve treatments (de-
scribed in the text). In no case did parasite prevalence di�er among
experimental treatments. The prevalence of S. machidai was sig-
ni®cantly lower among non-experimental geckos (in italics) than
experimental geckos; the prevalence of the other four parasites did
not di�er between experimental and non-experimental geckos.
Statistics are listed in the text

Parasite Day
NE

Hf-hi Hf-lo Hf + Ll-hi Hf + Ll-lo

Oochoristica sp. 0.36 0.41 0.15 0.39 0.11
R. frenatus 0.17 0.33 0.29 0.42 0.16
G. keegani 0.39 0.77 0.81 0.73 0.46
S. hemidactylus 0.10 0.30 0.26 0.15 0.23
S. machidai 0.00 0.28 0.30 0.26 0.34
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ries that did di�er from non-experimentals. Among Hf,
group 1 was composed of non-experimentals (day and
night analyzed separately), and group 2 was composed
of all experimental geckos. Among Ll, group 1 was
composed of non-experimentals and experimental
geckos with very short or short enclosure occupancy and
group 2 was composed of geckos with medium or long
enclosure occupancy. Only parasites that infected ®ve or
more individuals in the speci®ed group were considered.

Table 3 shows the results for group 1. Corticosterone
is signi®cantly higher in Ll infected with the cestode
Cylindrotaenia sp. than uninfected Ll. Corticosterone is
also higher, though not signi®cantly higher after cor-
rection for multiple tests, in Hf (both day and night)
infected with the cestode Oochoristica sp. Comparisons
for group 2, the geckos whose corticosterone had in-
creased during captivity, showed no di�erence in corti-
costerone between infected and uninfected geckos of
either species for any of the parasites listed in Table 3
(Mann-Whitney U-test, P > 0.8 for both Hf and Ll).

Discussion

Corticosterone, parasites, and competition

Contrary to our initial hypothesis, we found no evidence
in this study that interaction between H. frenatus and
L. lugubris in¯uences levels of circulating corticosterone
and/or parasite prevalence in either species. We did not
detect any signi®cant changes in circulating corticoster-
one or in parasite prevalence in either gecko species in
response to an increase in either interspeci®c (competi-
tor) density or a twofold intraspeci®c density increase.

Corticosterone occurs in two states: (1) free and bi-
ologically active or (2) bound to corticosterone-binding
protein (CBP) and biologically inactive (Wing®eld et al.
1984). If levels of CBP change, the amount of biologi-
cally active corticosterone may also change without any
change in overall corticosterone levels. Due to the small
amount of plasma produced by each gecko, we were

unable to measure CBP. However, we did detect changes
in total corticosterone level in association with parasites
(see below) and length of enclosure occupancy in both
species and we found evidence that corticosterone levels
follow a circadian cycle in H. frenatus. Thus we believe
we are justi®ed in calling the lack of di�erence in total
corticosterone levels between treatments a true negative
result rather than a failure to detect di�erences in levels
of CBP.

There were signi®cant declines in body condition,
fecundity, and survivorship of these L. lugubris indi-
viduals as a response to these density increases (Petren
and Case 1996). Some previous studies have shown that
high density and starvation can increase corticosterone
secretion (e.g., Elsey et al.1990; Astheimer et al. 1992)
and that poor nutrition can increase host susceptibility
to helminths (Slater and Keymer 1986; Bundy and
Golden 1987; Michael and Bundy 1992). Other studies,
however, have shown that food limitation does not
necessarily increase corticosterone production (reviewed
in Maxwell 1993) and that chronic social stress does not
necessarily impair immune function (Klein et al. 1992).
In this study L. lugubris followed the latter pattern, even
while undergoing severe reductions in demographic
parameters.

Our results are not consistent with the biogeographic
pattern documented by Hanley et al. (1995) of higher
cestode prevalence in L. lugubris that are sympatric with
H. frenatus. Parasite prevalence did not di�er among
experimental treatments in either gecko species. Cap-
tivity did not appear to a�ect parasite distribution
among the experimental geckos since, with the exception
of the nematode S. machidai, parasite prevalence did not
di�er between experimental and non-experimental
geckos.

We can think of three possible explanations for the
discrepancy between the biogeographic and experimen-
tal distribution of cestodes. First, we may have failed to
detect di�erences in parasite prevalence due to relatively
high mortality among infected geckos. If cestode-
infected L. lugubris had higher rates of mortality than

Table 3 Mean corticosterone concentrations of H. frenatus and
L. lugubris infected with a variety of parasites (see text for criteria
for inclusion of hosts in this table). P-values are the results of t-
tests comparing the log of the corticosterone concentrations of
hosts infected versus uninfected by the parasite in each row; P-

values are corrected for multiple comparisons (Rice 1989). H.
frenatus collected at night are analyzed separately from those
collected during the day; all L. lugubris were collected during the
day. The values in italics is statistically signi®cant

Host Parasite Mean corticosterone (ng/ml) n P

Infected Uninfected

H. frenatus Oochoristica sp. 8.7 2.5 13 0.08
(daytime) G. keegani 3.7 6.8 15 0.44

H. frenatus Oochoristica sp. 26.7 8.0 18 0.20
(nightime) G. keegani 21.8 13.8 18 0.32

R. frenatus 24.4 14.7 18 0.38
S. hemidactylus 7.6 21.1 18 0.15

L. lugubris Cylindrotaenia sp. 7.3 3.5 46 0.03
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uninfected conspeci®cs, then measurements of parasite
prevalence at the end of the experiment could underes-
timate overall rates of infection across all treatments. If
this were the case, then di�erences in survivorship
among treatments, such as the signi®cantly lower sur-
vivorship of L. lugubris stocked with H. frenatus (Petren
and Case 1996), may have biased estimates of parasite
prevalence. Conversely, replacement of mortalities
might have increased parasite prevalence if parasites
were transported into the enclosures with new individ-
uals and spread through the population. Second, the
biogeographic pattern may occur due to some subtle
di�erence between sympatric and allopatric islands in
climate or habitat rather than to the presence of H.
frenatus itself.

Finally, the biogeographic pattern in cestode preva-
lence may be attributable to an e�ect of H. frenatus on
the distribution of L. lugubris in the habitat rather than
to an e�ect on susceptibility. The mechanism for such an
e�ect would depend on the route of transmission of the
cestode. Prudhoe and Bray (1982) suggest that the genus
Cylindrotaenia may have two alternate pathways for
transmission, both of which may operate concurrently.
In the ®rst, the cestode is transmitted directly from
gecko to gecko via coprophagy, the larval stages of the
parasite develop in a cyst in the host's intestinal wall,
and the adults then excyst and take up residence in the
intestine. If this route of transmission is common in this
system, then any e�ects of H. frenatus on levels of co-
prophagy in L. lugubris, due for example to crowding,
social interactions, or changes in substrate, might create
the observed biogeographic pattern. In the second, more
usual route of transmission for this order of cestodes
(Cyclophyllidea), the parasite passes from one gecko to
another via an invertebrate intermediate host, most
likely an insect. If this route is important, then changes
in the diet of L. lugubris in response to H. frenatus could
result in changes in cestode distribution. We did not
examine the intestines of the geckos in this study for
cysts and so cannot say whether both or only one of
these types of transmission occur in this system.

The experimental enclosures mimicked the environ-
mental conditions under which Cylindrotaenia sp. is
normally transmitted among L. lugubris. In the biogeo-
graphic study, many of the cestode-infected L. lugubris
were collected from concrete buildings equipped with
electric lights. These were the habitats on which the
experimental enclosures in the current study were mod-
elled. Geckos in this study had free access to normal
prey items and behaved in a manner similar to free-living
geckos in this type of habitat. Nonetheless, it is possible
that the expression of interspeci®c e�ects on cestode
transmission depends on some type of variation in
the habitat that was not present in the enclosures. For
example, water dishes provided in the enclosures may
have di�erentially a�ected transmission, as L. lugubris
appeared to use them more often than H. frenatus;
however, containers did not appear to be very di�erent
from naturally occurring puddles of water.

The higher parasite diversity and prevalence among
H. frenatus relative to L. lugubris found in this study was
consistent with previous studies (Brown et al. 1995;
Hanley et al. 1995). Brown et al. (1995) have attributed
this di�erence in parasite load to di�erences in suscep-
tibility between the two species; the larger and more
rapid corticosterone response of H. frenatus to captivity
(discussed below) might seem to provide a mechanism
for such a di�erence in susceptibility. However, it is
important to note that despite the rapid elevation of
corticosterone in experimental H. frenatus, we detected a
di�erence in parasite prevalence between experimental
and non-experimental geckos in only one of ®ve parasite
species. Additionally, other factors including larger body
size (Guegan et al. 1992; Guegan and Hugueny 1994)
and higher insect harvesting rates of H. frenatus may
o�er a simpler explanation for the observed trend in
parasite load . Asymmetries in parasite load may not
a�ect the relative competitive ability of the two species if
the larger-bodied H. frenatus is able to support more
parasites than its smaller competitor at the same relative
cost (discussed in Hanley et al. 1995).

Other factors in¯uencing corticosterone

Interspeci®c interactions, body condition, and parasitic
infection did not explain the observed variation in co-
rticosterone levels in the geckos used in this experiment.
Elevated corticosterone was associated with infection by
cestodes among geckos whose corticosterone was not
a�ected by captivity. Along similar lines, Dunlap and
Schall (1995) have shown that fence lizards infected with
malaria show an elevated corticosterone surge in re-
sponse to handling stress relative to uninfected animals.
However, we did not detect a di�erence between the
corticosterone levels of cestode-infected and cestode-free
experimental geckos.

Corticosterone levels did increase with time spent in
the experimental enclosures, an e�ect which has been
documented in other lizards (Moore et al. 1991). Our
stocking density bracketed the natural densities of both
geckos and their invertebrate prey, and many individuals
in all treatments increased in mass, produced eggs, and
survived the duration of the experiment. There are
however a number of factors that di�ered between the
natural and experimental setting that may have pro-
duced the pattern of higher corticosterone levels in
individuals which had been in enclosures for longer pe-
riods of time. One of these is that geckos in the
enclosures were handled approximately every 2 weeks to
collect census data. Handling is known to cause in-
creased corticosterone secretion in other lizards (Moore
et al. 1991).

Furthermore, food resources were aggregated by
lights in the experimental setting, whereas there were no
lights, and consequently no resource clumping, in the
areas outside of the enclosures from which most of the
non-experimental geckos were collected. This di�erence
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in resource distribution may have a�ected geckos in two
ways. First, as food resources become more aggregated,
intraspeci®c interactions in lizards increase, creating
dominance hierarchies when none are evident if re-
sources are more dispersed (Brattstrom 1974; Stamps
1977). Several studies have shown that social status can
in¯uence corticosterone levels, with subordinate animals
having higher corticosterone concentrations (e.g.,
Greenberg et al. 1984; Greenberg and Wing®eld 1987;
Sapolsky and Ray 1989). Examining 15 L. lugubris from
two of the enclosures, we found that, as in the studies
mentioned above, individuals which fought and won
aggressive encounters did have lower levels of corti-
costerone than those which fought but never won an
encounter. However, L. lugubris individuals which were
never observed to ®ght at all had signi®cantly lower
levels of corticosterone than those which had fought and
won an encounter (K.A. Hanley, unpublished data). If
the observed di�erence in corticosterone between ex-
perimental and non-experimental animals is attributable
to di�erences in intraspeci®c social interactions, then we
would expect to see higher levels of circulating corti-
costerone in the highly aggregated geckos found in
lighted, urban settings which were the model for our
experimental conditions, compared to the widely spaced
geckos in unlit rural areas and forests.

A second possible explanation for the increase in
corticosterone over time stems from previous studies
which suggest that elevated corticosterone can trigger an
increased feeding rate (e.g., Asteheimer et al. 1992).
Aggregations of insects in our enclosures enabled geckos
to feed at increased rates compared to environments
which have more dispersed food resources. We may have
selected for the most e�cient foragers over the course of
the experiment by replacing mortalities. If corticosterone
is positively correlated with foraging rate, individuals
which survive the longest may have higher corticoster-
one levels, or may be more capable of increasing their
corticosterone levels. However, the relationship between
corticosterone and activity is complex (Gray et al. 1990;
Astheimer et al. 1992), and elevated corticosterone can
decrease home-range size and overall activity (DeNardo
and Sinervo 1994 a, b).

One intriguing result is that H. frenatus and L. lug-
ubris had similar corticosterone levels under completely
natural conditions, but H. frenatus had higher corti-
costerone levels than L. lugubris in the enclosures and
showed a more abrupt increase in corticosterone levels
after introduction. H. frenatus also showed the ability to
increase foraging rates in the presence of its competitor,
whereas L. lugubris foraging rates declined in the pres-
ence of H. frenatus (Petren and Case 1996). Although it
is risky to compare corticosterone levels across species,
such comparisons have been made in previous studies.
For example, Wing®eld et al. (1992) compared the
corticosterone response to capture stress among ®ve
species of desert and riparian birds under di�erent levels
of environmental stress. More experiments are needed to
test the hypothesis that corticosterone is linked primarily

to foraging rates in these species, and to discriminate this
from the many other stress-based hypotheses for
corticosterone function which have been proposed.

Conclusions for competition

The interaction between H. frenatus and L. lugubris has
become a model system for the study of competitive
displacement (e.g., Petren et al. 1993; Case et al. 1994;
Hanley et al. 1995; Petren and Case 1996; D.T. Bolger
and T.J. Case, unpublished manuscript). In this system,
exploitation competition with H. frenatus (Petren and
Case 1996) has a signi®cant impact on L. lugubris pop-
ulations while direct interference and apparent compe-
tition seem to have little or no role in the interaction
between the two species. Rarely have so many facets of
competition been studied in a single system.

However, one aspect of competition remains poorly
understood in this and other animal species. The proxi-
mate, physiological bases for competition have yet to be
thoroughly investigated. This study raises the intriguing
possibility that corticosterone may mediate competition
between the two gecko species not through its e�ect on
immune function but rather through its e�ect on feeding
behavior. Additionally, our limited behavioral data sug-
gest that corticosterone may respond more strongly to
intraspeci®c interactions than to interspeci®c interac-
tions. Considerably more information is needed to test
these speculations; future investigation of the interaction
between competition and corticosterone should focus on
the association between corticosterone and individual
behavior.
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