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ABSTRACT.—In reptiles, phenotypic measures such as body size usually predict a male’s success in

territorial interactions. Recent evidence from fish, birds, and mammals has shown that genetic

heterozygosity also has a strong influence on competitive ability and territory quality. Here, we provide a

comprehensive assessment of the social structure and factors affecting male territory quality and aggressive

behavior in a dense population of Tuatara, a long-lived reptile that maintains long-term territories, on

Stephens Island, New Zealand. The only significant predictor of female access and competitive ability was

male body size, and there was no relationship between male body size or condition and individual genetic

heterozygosity. Body size, body condition, and heterozygosity did not predict territory size. Also,

heterozygosity, body condition, and territory size had no relationship with the number of females to which

a male had access. Large males were more effective at (1) monopolizing areas where females were most dense

and (2) guarding females by consistently winning aggressive encounters with other males. Our finding of no

relationship between territoriality and heterozygosity probably reflects the genetic background of this large,

outbred population or that behavioral attributes or neutral heterozygosity are not appropriate individual

fitness correlates for these long-lived reptiles.

Knowing the factors that affect individual
success in territorial interactions is a critical first
step in understanding the evolution of mating
systems and reproductive strategies. Territori-
ality is common in many reptiles (particularly
lizards, reviewed in Stamps, 1983), but most
studies cite the distribution of ecological attri-
butes, such as habitat characteristics and food
quantity, as the driving force behind the
observed spatial structure (Maher and Lott,
2000). Food resources in many territorial reptile
species are evenly distributed; many females
nest outside of breeding territories; and paternal
care is absent. Territory structure and quality
may depend more on the distribution of mates
and competitors than on other ecological attri-
butes (Stamps, 1983). However, few studies
consider the distribution of potential mates as
the driving force (Stamps, 1983; Stamps, 1994)
because conspecific interactions are often diffi-
cult to observe and quantify in cryptic species
(but see M’closkey et al., 1987; Wikelski et al.,
1996).

For many vertebrates, including reptiles, male
phenotypic measures, such as body size or
condition, predict territory size and access to
females (e.g., Shine et al., 2000; Candolin and
Voigt, 2001; Välimäki et al., 2007). Consequent-
ly, these characteristics could result in a bias in

reproductive success toward larger males
(Abell, 1997; Lewis et al., 2000; Lebas, 2001).
Where dominance hierarchies are formed, it is
the smaller males that assume subordinate roles
or adopt alternative reproductive strategies
(e.g., ‘‘satellites’’ or ‘‘floaters,’’ Andersson, 1994;
Maher and Lott, 1995).

Male phenotypic measures are not the only
predictors of territory quality. Genetic hetero-
zygosity, a measure of inbreeding, affects
standard fitness measures such as survival,
hatching success, and disease resistance (e.g.,
Hansson and Westerberg, 2002; Keller and
Waller, 2002; Reed and Frankham, 2003). Grow-
ing evidence shows that genetic heterozygosity
can also have an indirect effect on competitive
behavior and territoriality (Höglund et al., 2002;
Tiira et al., 2003; Lieutenant-Gosselin and
Bernatchez, 2006). Seddon et al. (2004) found
that heterozygosity was the best predictor of
territory quality in a group living bird (Monias
benschi). Likewise, individual competitive abil-
ity is more strongly correlated with heterozy-
gosity than body size or learning in Common
Shrews (Sorex araneus; Välimäki et al., 2007). In
many fish, birds, and mammals, acquisition of
seasonal breeding territories is critical for
individual survival and fitness. These examples
provide strength for the argument that aggres-
siveness and territoriality are reliable fitness
correlates.

In this study, we investigate the social
structure and individual male territoriality in
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relation to conspecific distribution of a long-
lived (.85 yr) reptile (Tuatara, Sphenodon
punctatus). Tuatara maintain territories through-
out the year that vary in size depending on
population density and habitat type (Gilling-
ham et al., 1995). Although mating occurs in
territories, female Tuatara migrate outside
territories to nest as temperatures in the forest
are too low to support egg development
(Thompson, 1990). Females do not ovulate
every year and only reproduce every two to
five years (Cree et al., 1992). Anecdotal evidence
indicates that large male Tuatara have long-
term territory fidelity (i.e., males that were toe-
clipped 40–50 years ago have been recaptured
near their original capture locations, NJN, pers.
obs.; Dawbin, 1949, 1962). Previous chance
observations of Tuatara mating suggest that
reproduction is dominated by large males
(Gillingham and Miller, 1991; Cree et al., 1992),
although small males have the physiological
capacity to mate (Cree et al., 1992). Here, we aim
(1) to understand the role of conspecific (inter-
and intrasexual) interactions in overall territo-
riality and social structure, and (2) to investigate
the phenotypic and genetic traits that affect
male aggressiveness and physical access to
females.

Our study site, Stephens Island, New Zealand
(known also by its Māori name, Takapourewa;
Marlborough Sounds, 40u409S, 174u009E), holds
over half of extant Tuatara (the largest and most
dense population by orders of magnitude; Gaze,
2001). We first quantify population density and
the local adult sex ratio to provide context for
the social structure in this population. Theory
predicts that at high population densities, the
energetic costs of site defense outweigh the
reproductive benefits associated with territori-
ality (Brown, 1969; Emlen and Oring, 1977).
Thus, alternative mating strategies should
evolve to maximize reproductive success of
small or subordinate males (Maher and Lott,
2000), and if present, alternative strategies
should be evident in the spatial patterns of
males.

MATERIALS AND METHODS

Study Animals.—Tuatara are the sole extant
representative of the reptilian order Rhyncho-
cephalia (Benton, 2000). Endemic to the main
and outlying islands of New Zealand, they are
now restricted to approximately 30 small,
offshore islands caused by predation by intro-
duced mammals (Gaze, 2001). The mating
season of Tuatara peaks in March (austral
summer), and nesting occurs approximately 8–
10 months later (Cree et al., 1992). Tuatara
occupy burrows that can be shared with other

individuals and nesting seabirds, and under-
ground burrow systems are dynamic and can be
extensive (Newman, 1987).

Density and Sex Ratio Estimation.—From 8–16
March 2003, four accessible survey strips (tracks
with 3-m borders on either side, from 107–443
m2) in a section of remnant forest (Keeper’s
Bush) were surveyed using mark-recapture
methods. Strips were systematically surveyed
each night, and all Tuatara were captured by
hand. Capture location and sex of individual
were recorded, the capture site was marked,
and all individuals were returned to their
capture location. Each animal was marked with
a unique number written on their sides (with a
nontoxic marker) that was legible throughout
the duration of the trip.

Capture data for adults were analyzed using
closed population models in the program
MARK (v3.0 [Win32] Sep 2002; White and
Burnham, 1999). Juveniles were excluded from
analyses because none were recaptured. Data
were grouped according to the following
parameters: plot (four survey strips); sex (male,
female); and combinations of sex and plot, over
eight capture occasions (a time model), with
allowance for variation in population number.
Other models available in MARK, for example
open population models, or those allowing for
behavior (when previous capture affects subse-
quent capture probability) and heterogeneity
(individual variation in capture probabilities),
may have provided a better fit but could not
provide estimates of population number be-
cause of small numbers of recaptures (e.g.,
Nelson et al., 2002). The small sample version
of Akaike’s Information Criterion (AICc; Burn-
ham and Anderson, 1998) was used to assess
the fit of models. Estimates of population size,
including 95% confidence intervals, are present-
ed using the model with the best fit for our data
that allowed for capture probabilities to vary
with capture occasion (AICc four points greater
than the next model; K 5 36). Sex ratios were
estimated for each plot using population esti-
mates from the MARK analysis and are report-
ed with upper and lower 95% confidence
intervals.

Spatial Structure.—In November 2004, three
circular study plots (from 314–615 m2, approx-
imately 20–28 m diameter) were located along
an accessible track running through forest
(Keeper’s Bush). Plot centers were marked with
a GPS and postprocessed to increase accuracy.
All Tuatara in the study plots were captured by
hand, and location, snout–vent length (SVL,
mm), mass (g), and sex were recorded. A blood
sample (0.5–1.0 ml) was drawn from the caudal
vein/artery and stored in 95% ethanol for later
genetic analyses. A passive integrated transpon-
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der (PIT) tag (11 mm length 3 2 mm width,
AVID Identification Systems, Inc., Norco, CA)
was inserted subcutaneously for individual
identification. A subset of these animals (N 5
100) was marked using a unique color bead tag
inserted through the nuchal crests (Fisher and
Muth, 1989) to enable individual recognition
from a distance. Tuatara that were not bead
tagged were recaptured prior to the mating
season and marked by writing a unique number
on their sides with a nontoxic marker or were
recognized by individual idiosyncrasies in tail,
head, or spine morphology.

Spatial and behavioral data were collected
during part of one nesting season (16–28
November 2005) and the peak period of two
mating seasons (28 February to 28 March 2006
and 27 February to 27 March 2007). Study plots
were surveyed twice daily, and locations of all
visible animals were recorded (as a distance and
azimuth from plot centers). Mating partners of
individuals in the study plots were also known
from a concurrent study of the mating system.
To assess the factors affecting male competitive
ability, all opportunistically observed aggres-
sive interactions between marked males were
recorded. ‘‘Losers’’ were defined as males that
were chased, bitten, or interrupted in the
middle of courtship and fled .1 m from the
‘‘winner,’’ subsequently adopting a submissive
posture or running down a burrow. All animals
were reweighed and measured following each
monitoring period. We did not perform focal
animal observations because Tuatara spend the
majority of the day sitting motionless (Saint
Girons et al., 1980); hence, infrequent activity
would have gone undetected using this method.

Tuatara locations were entered into a geo-
graphic information system (GIS). We defined
territories as 95% minimum convex polygons
(MCP) because these areas were actively de-
fended and excluded foraging excursions (that
occur at night) and nesting migrations (Burt,
1943; Brown and Orians, 1970). MCPs were
estimated using Home Range Tools (Rogers et
al., 2005) and Hawth’s tools (Beyer, 2004) in
ArcGIS 9.1 (ESRI, Redlands, CA). We chose not
to implement commonly used kernel density
estimators because they are known to be pro-
blematic for herpetofauna (Row and Blouin-
Demers, 2006). Territories were estimated for
each individual, using (1) all locations (2005–07
inclusive), (2) only locations from 2006, and (3)
only locations from 2007, with the latter two
representing consecutive mating seasons (i.e.,
seasonal territories). An asymptote analysis
(ABODE extension; Laver, 2005) found that at
least 20 relocations were necessary to accurately
estimate territory size; thus, we only included
animals with $20 relocations in analyses.

In ArcGIS, we calculated the proportion of
each male’s territory (95% MCP) that was
overlapped by other males. For each male, we
summed the percent territory overlap of all
other males to determine cumulative percent
overlap (as some males overlapped multiple
males). We also calculated the percent territory
overlap for male–female pairs and counted the
number of females that each male’s territory
overlapped (5female access).

Using point data, activity centers (highest use
areas within territories, as defined by Hayne,
1949) were determined for all individuals using
the mean center tool in ArcGIS 9.1. Then we
used the activity centers to calculate average
nearest neighbor statistics for males and females
to assess the extent of territoriality. Nearest
neighbor indices show whether significant
clustering or dispersion exists by comparing
the observed spatial distribution to a random
expected distribution. Activity centers should
be significantly dispersed in highly territorial
systems (Brown and Orians, 1970).

Genetic Analyses.—DNA extraction and PCR
amplification of polymorphic microsatellites for
all marked Tuatara followed Moore et al. (2008)
and Hay and Lambert (2008). Eight Tuatara-
specific loci (C2F, C11P, E11N, H5H, B8P, A12N,
C12F, H4H; Aitken et al., 2001; Hay and
Lambert, 2008) were amplified. Internal relat-
edness (IR) is a common measure that is used to
determine individual genetic heterozygosity,
which weights allele sharing by the frequen-
cies of the alleles involved (Amos et al., 2001).
We calculated IR for each individual using
an Excel macro (available at http://www.zoo.
cam.ac.uk/zoostaff/amos/#ComputerPrograms;
Amos et al., 2001).

Statistical Analyses.—We performed a linear
regression to test whether male SVL or mass
predicts contest success (defined as wins per
male as a proportion of a male’s total contests).
Intersexual differences in mean territory sizes
were compared with analyses of variance
(ANOVAs). To test whether large males are
more effective at maintaining exclusive territo-
ries, we compared the cumulative percent
territory overlap to male SVL using a Pearson’s
correlation. If mate guarding occurs via spatial
proximity, within a season, we expect that a
male will overlap a greater proportion of his
mate’s territory than the average female. Thus,
we compared the mean percent overlap of
mates to nonmated male–female pairs using
an ANOVA.

We performed a multiple linear regression
analysis to determine the relative effects of SVL,
body condition (defined as the residual values
from a linear regression of log mass over log
SVL), IR, and territory size on female access (the
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number of females that each male’s home-range
overlaps). We also carried out a multiple linear
regression analysis to determine whether SVL,
body condition, or IR predicts territory size.
Finally, we performed Pearson’s correlations to
test the relationship between IR and SVL, mass,
and body condition. Statistical analyses that
were not performed in ArcGIS 9.1 or MARK (as
described above) were carried out in SPSS v.14.0
(SPSS Inc., Chicago, IL). Statistical significance
for multiple regression analyses was inferred at
P , 0.025 (alpha corrected for multiple com-
parisons) and P , 0.05 for other tests. All
statistical tests were two-tailed, and datasets
satisfied the assumptions of normality and
homogeneity of variances or were appropriately
transformed.

RESULTS

Density and Sex Ratio.—In total, 225 adult
Tuatara were captured in the mark-recapture
survey, including 106 females and 119 males.
Density estimates for the forest plots averaged
2,732 Tuatara/ha (95% CI 2,260.2, 3,203.8). Sex
ratio estimates were approximately 1M : 1F
(males 5 0.53, 95% CI 0.51, 0.56; females 5 0.47,
95% CI 0.45, 0.50).

Activity Centers/Spatial Proximity.—We were
only able to calculate nearest neighbor statistics
for plots one and three because we were lacking
sufficient data for some animals in plot two.
Male activity centers were significantly dis-
persed in both plots in both years, with the
exception of plot three in 2007 (Table 1). In
contrast, female activity centers were not sig-
nificantly dispersed or clustered (Table 1).

Male–Male Agonistic Interactions.—We record-
ed 28 agonistic interactions involving 22 marked
males. The number of contests per male ranged
from 0–9, and 100% of contests (that were not
‘‘draws,’’ N 5 1) were won by the larger of the
two males. Approximately 18% of contests were

the result of larger males interrupting court-
ships. There were significant effects of male SVL
(r2 5 0.60, b 5 0.77, t 5 5.30, P , 0.001) and
mass (r2 5 0.63, b 5 0.79, t 5 5.66, P , 0.001;
Fig. 1) on contest success (N 5 21).

Territory Structure and Female Access.—From
November 2005 to March 2007, we recorded
1,711 locations from 89 marked Tuatara (40
females, 49 males) in the three study plots on
Stephens Island. The average number of reloca-
tions was 22.7 (range 5 1–67) per male and 16.1
(range 5 1–56) per female. Male territories (N 5

21, mean size 5 30.6 6 3.9 m2, range 5 5.57–
71.58) were significantly larger than female
territories (N 5 13, mean size 5 13.9 6 2.8 m2,
range 5 1.24–28.18; F1,33 5 9.9, P , 0.01). On
average, male territories overlapped 3.9 6 0.6
females (range 5 0–7), whereas female territo-
ries overlapped 1.8 6 0.2 males (range 5 0–6).

Of male–female pairs that overlapped, male
territories overlapped 44.0 6 3.8% of the

TABLE 1. Nearest neighbor test for complete spatial randomness of Tuatara activity centers on Stephens
Island indicates significant structuring of male, but not female, activity centers. Z-scores are measures of
standard deviations from a randomly distributed spatial pattern. Mean nearest neighbor distance (NND) is the
mean observed distance (in meters) between activity centers. A nearest neighbor ratio (NNR) above 1 indicates
dispersion, whereas a NNR below 1 indicates clumping. Asterisks indicate significant dispersion at P , 0.01.

Sex Year (study plot) Mean NND NNR Z

Males (N 5 29) 2006 (1) 2.03 1.53 3.83*

2006 (3) 2.27 1.45 3.40*

2007 (1) 3.50 1.44 3.39*

2007 (3) 1.66 1.15 1.04
Females (N 5 31) 2006 (1) 2.16 1.24 1.91

2006 (3) 1.94 1.25 1.85
2007 (1) 3.62 1.06 0.35
2007 (3) 2.41 1.23 1.78

FIG. 1. Mean mass of male Tuatara (6 1 SE) and
the percent of wins in male–male contests (as a
function of total male-male contests per male, N 5
22 males) indicate that larger males are more likely to
win agonistic encounters.
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female’s territory (range 5 1.2–100%). Within a
season, mated males overlapped a significantly
greater proportion of their mate’s territory than
the average unmated pair (mated pairs 5 76.5 6
7.1% female overlap vs. unmated pairs 5 38.3 6
3.9% female overlap; F1,73 5 14.7, P , 0.001). In
2006, 29.6% of males maintained territories
completely exclusive of other males, and in
2007, 8.0% of males had exclusive territories. On
average, male territories overlapped by 24.9 6
4.2% (N 5 38; Fig 2). Controlling for territory
size, there was a significant inverse relationship
between male SVL and cumulative percent
overlap by other males (r 5 20.36, P 5 0.017),
indicating that body size increases a male’s
ability to maintain an exclusive territory.

Overall, including both males (N 5 20) and
females (N 5 13), mean IR was 0.004 6 0.035.
For males only, mean IR was 20.007 6 0.04
(range 5 20.27–0.36). Male territory size, body
condition, and IR had no significant effects on
the number of females overlapped (i.e., female
access), but there was a strong effect of body
size (log SVL b 5 0.7, t 5 3.5, P 5 0.002; Fig. 3).
Male SVL, body condition, and IR had no effects
on territory size, and there was no relationship
between male IR and SVL, mass, or body
condition.

DISCUSSION

To our knowledge, our results provide the
first comprehensive assessment of genetic and
morphological traits affecting individual terri-
toriality and competitiveness in a wild reptile
population with long-term, stable territoriality.
We found no effect of individual genetic
heterozygosity on male territory size, body size,
or access to females in this very dense popula-
tion (,2,700 Tuatara/ha). However, male body
size, which was not related to territory size,
strongly predicted access to females.

Large body size confers definite advantages
in terms of exclusive access to potential mates.
Large males are able to monopolize areas where
females are most dense, which is facilitated by
the uneven dispersion of females. Large males
are not only able to secure territories with a
greater number of females overlapping, but
they are also better able to maintain those
territories and guard mates by consistently
outcompeting smaller males. Tuatara are ex-
tremely long-lived and have very slow, re-
source-dependent growth (Dawbin, 1982; Nel-
son et al., 2002). Males need to be able to
monopolize resources to achieve a large body
size in this competitive system. Thus, large
body size is an honest signal of a male’s
capacity to acquire resources and may reflect
overall quality.

We found no relationship between individual
genetic heterozygosity and male body size,
territory size, or access to females. This could
be caused by a number of factors. First, the
Stephens Island population of Tuatara has a
very high level of genetic diversity even though
it is isolated (MacAvoy et al., 2007). The range of
IR-values was narrow and on the more outbred
end (e.g., only one male was over 0.3). Thus, we
would need a very large sample size with a
greater range of inbreeding values to detect
even a slight genetic effect (Tiira et al., 2003).
Our results add strength to the assertion by
Tiira et al. (2006) that the ability to detect hete-
rozygosity-fitness correlations depends strongly
on the underlying genetic background of the
population (Folstad and Karter, 1992). Further-
more, in studies with moderate sample sizes
(e.g., 10–50 individuals, and 8–10 microsatellite
loci) that have found a strong relationship be-
tween heterozygosity and territory size or com-
petitive ability, acquiring a territory is literally a
matter of life or death for the individual (e.g.,
Slate et al., 2004).

Second, in contrast to individual heterozy-
gosity, male body size is highly variable at any
point in time (ranging from 160–290 mm SVL in
our study). Yet, because Tuatara are so long
lived, small males that are not successful now
may become successful in the future; hence,
lifetime fitness may not vary much between
males. To fully understand variation in fitness
of individual male Tuatara, a long-term study is
needed. A stronger genetic effect could be
revealed by examining functional genes (e.g.,
the major histocompatibility complex), a popu-
lation with a greater variance in individual
heterozygosities, or by comparing individuals
from populations with different genetic histo-
ries (e.g., inbred vs. outbred; Tiira et al., 2006).
Short-lived, territorial lizard species may pro-
vide good models to test the relationship
between heterozygosity and dominance or
territoriality in the future.

Although Stephens Island represents a very
dense population, our spatial data provide little
evidence for alternative reproductive strategies
(e.g., ‘‘floaters’’ or ‘‘satellites,’’ roving males
with inflated, nondefended home ranges that
overlap multiple territories; Brown, 1969; Maher
and Lott, 1995). However, male territories often
show considerable overlap (e.g., lower left
corner of Fig. 2), and large males appear to
tolerate the presence of a smaller male because
they can restrict small males from mating (by
interrupting courtship attempts, JAM, unpubl.
data). It may prove advantageous for a small
male to associate with a large, successful male
(similar to the ‘‘hotshot’’ phenomenon of
lekking marine iguanas, Amblyrhynchus crista-
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tus; Wikelski et al., 1996; Partecke et al., 2002), if
he could sneak matings while the large male is
otherwise occupied or overtake the territory
once he reaches an appropriate size.

Home-range size generally increases with
body size among species from many taxa,
including lizards (Perry and Garland, 2002).
When comparing Tuatara territories to ecolog-
ically similar lizard species (representing four
families) with similar body sizes (drawn from
Perry and Garland, 2002, who reviewed home
ranges of 222 lizard species), Tuatara territories
fall well below the regression lines for lizards

and are at least an order of magnitude smaller
than the lizard home ranges (see Fig. 4). Why do
Tuatara have such small territories compared to
other similar-sized reptiles? Although territory
sizes can reflect phylogenetic differences, it is
more likely that the small territories of Tuatara
reflect their energetics, resource availability,
and population density. Tuatara are cold-adapt-
ed and have very low activity levels and
energetic requirements (Saint Girons et al.,
1980). Furthermore, nutrient input from ex-
tremely high seabird densities on Stephens
Island increases primary productivity and has

FIG. 2. Territories (95% minimum convex polygons) of all male Tuatara (categorized by snout–vent length,
SVL) in one study plot from one mating season (March 2006) on Stephens Island. Female symbols represent
activity centers of females.
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flow-through effects to invertebrate herbivores
(i.e., Tuatara prey; Mulder and Keall, 2001).
Population density can also affect home range
or territory size within a species (Kwiatkowski
and Sullivan, 2002). On Stephens Island, Tuata-
ra appear to be able to acquire all necessary

metabolic and reproductive resources in an
unexpectedly small space; a size that is contrary
to patterns seen in lizards, yet consistent with a
highly dense population of a cold-adapted
reptile with low energetic requirements and
high nutrient availability.

By investigating the social structure of Tua-
tara, our findings shed new light on patterns of
territoriality in vertebrates. Although individual
heterozygosity, territory size, or body condition
did not increase the likelihood of a male Tuatara
gaining access to mates, body size did. We
suspect that future research may reveal similar
patterns in genetically diverse, large, outbred
populations of other territorial taxa. Genetic
effects may be more apparent in short-lived
species (that only experience one or two
breeding seasons in a lifetime), where the
variance in male body size is small and traits
affecting competitive ability are tightly linked to
individual heterozygosity. In this dense, terri-
torial system, intrasexual competition and fe-
male access are highly skewed toward large
males, a pattern that is consistent with that of
ecologically similar yet phylogenetically distant
lizards. Future research should address whether
large male advantage, in terms of female access,

FIG. 3. Body size of male Tuatara predicts access to
females, as represented by the significant linear
regression of male body size (snout–vent length,
SVL) over the number of females each male’s
territory overlaps.

FIG. 4. Territory/home-range area as a function of snout–vent length (SVL) for lizard species (N 5 7, males 5
closed circles, females 5 open circles) with body sizes similar to Tuatara (Sphenodon punctatus). Male and female
Tuatara fall well below the regression lines for male and female lizard home-range area versus SVL. Note log
scale for home-range area. Lizard home range and body size data drawn from appendix A in Perry and Garland,
2002. Lizard species and original data sources include Anolis cuvieri, Anolis frenatus, Schoener and Schoener,
1982; Chlamydosaurus kingii, Griffiths, 1999; Cyclura carinata, Iverson, 1979; Iguana iguana, Rand et al., 1989; Lacerta
lepida, Castilla, 1989; Sauromalus obesus, Johnson, 1965.
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actually equates to realized increases in repro-
ductive success.
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