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Abstract Captive breeding is an integral part of many
species recovery plans. Knowledge of the genetic mating
system is essential for effective management of captive
stocks and release groups, and can help to predict patterns
of genetic diversity in reintroduced populations. Here we
investigate the poorly understood mating system of a
threatened, ancient reptile (tuatara) on Little Barrier Island,
New Zealand and discuss its impact on the genetic diver-
sity. This biologically significant population was thought to
be extinct, due to introduced predators, until 8 adults (4
males, 4 females) were rediscovered in 1991/92. We gen-
otyped these adults and their 121 captively-bred offspring,
hatched between 1994 to 2005, at five microsatellite loci.
Multiple paternity was found in 18.8% of clutches. Male
variance in reproductive success was high with one male
dominating mating (77.5% of offspring sired) and one male
completely restricted from mating. Little Barrier Island
tuatara, although clearly having undergone a demographic
bottleneck, are retaining relatively high levels of remnant
genetic diversity which may be complemented by the
presence of multiple paternity. High variance in repro-
ductive success has decreased the effective size of this
population to approximately 4 individuals. Manipulation to
equalize founder representation was not successful, and the
mating system has thus had a large impact on the genetic
diversity of this recovering population. Although popula-
tion growth has been successful, in the absence of migrants
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this population is likely at risk of future inbreeding and
genetic bottleneck.
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Introduction

Captive breeding is an essential tool for conservation of
many threatened and endangered species, but establishing a
successful program is often challenging (Snyder et al.
1996). Apart from simply increasing numbers of individ-
uals, a primary goal in captive breeding for species
recovery is to maintain the genetic diversity of a population
(Ralls and Ballou 1986) to ultimately create a self-sus-
taining wild population (Ebenhard 1995). Captive breeding
programs that are aimed at restoring severely declining
populations are often limited to only a small number of
founders (Ralls and Ballou 1986), thus furthering the loss
of genetic diversity and imposing imminent and/or long-
term consequences for fitness and adaptability of the new
population (Allendorf and Luikart 2007). Isolated, insular
populations may be particularly at risk of losing genetic
diversity. Ideally, genetic change in a captive population
should be minimized by equalizing founder representation.
However, in instances where founders 1) do not breed
readily in captivity, or 2) do not accept manipulation (e.g.,
artificial insemination, isolating mating pairs), retaining
remnant diversity in the captive population is challenging
(Snyder et al. 1996).

The mating system plays an important role in deter-
mining levels of genetic diversity in captive and wild
populations (Anthony and Blumstein 2000). For instance,
disassortative mate choice can result in balancing selection
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on functional genes (Penn and Potts 1999, Roberts and
Gosling 2003), and multiple paternity increases the effec-
tive population size (N, Sugg and Chesser 1994).
Alternatively, social dominance may limit all reproduction
to a few successful males, thereby heavily biasing paternity
and greatly decreasing genetic diversity and N, (Hoelzel
et al. 1999).

Among reptiles, mating systems are poorly understood.
Most reptiles are believed to be polygynous (e.g., Zamudio
and Sinervo 2000), but cases of monogamy in lizards do exist
(in the genus Egernia, Bull 2000, Chapple and Keogh 2005).
Because parental care is limited or non-existent, reptile
mating systems are usually characterized by social domi-
nance and/or spatial structure. Recent discoveries of genetic
polyandry in many reptiles is broadening the understanding
of the female’s role in the mating system (e.g., Lee and Hays
2004). Furthermore, because females of many long-lived
reptiles are capable of storing sperm, multiple paternity has
been found at high frequencies in some species (Pearse and
Avise 2001). In order to begin to understand the mating
system of an ancient reptile species and its impact on the
genetic diversity of a small population, we investigate
patterns of paternity in a captively bred, insular population
(on Little Barrier Island, New Zealand) where manipulation
to equalize founder representation was not successful.

Little Barrier Island (LBI; known also by its Maori name,
Hauturu) is a 3083 ha volcanic Nature Reserve located in
the Hauraki Gulf off the east coast of North Island, New
Zealand (36° 12'S, 175° 07'E). Despite a history of habitat
modification, human presence, and introduced predators,
the island is currently largely forested (Girardet et al. 2001),
providing suitable habitat for a number of native species
which have been extirpated from the mainland. One such
species is the tuatara, a medium-sized, long-lived reptile
that is endemic to New Zealand. Tuatara are the sole extant
representatives of the ancient reptilian order Sphenodontia
(Benton 2000). Although once widespread throughout the
mainland, natural populations are now restricted to small
offshore islands, primarily due to predation from introduced
mammalian predators.

The tuatara on LBI were initially described as mor-
phologically unique (Reischek 1886), and this island
population was subsequently elevated to subspecific status
in 1943 making it the rarest of the tuatara populations.
Allozyme and mitochondrial DNA analyses have since
revealed that LBI tuatara are not genetically distinct from
other northern island populations of tuatara (Daugherty
et al. 1990, Hay et al. 2003, Whitaker and Daugherty
1991). However, as the largest island (by at least an order
of magnitude) supporting one of the 32 natural island
populations of this threatened reptile, the importance of
conserving the LBI population of tuatara is not diminished.
Little Barrier is also the only island where tuatara occur in
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a habitat that may be similar to what they once inhabited on
mainland New Zealand.

By the late 1900’s, tuatara were thought to be extinct on
LBI (due primarily to predation by introduced cats and rats
or kiore, Rattus exulans) until systematic surveys redis-
covered eight adults (4 males, 4 females) in 1991-1992
(Whitaker 1993, Whitaker and Daugherty 1991). These
adults were brought into captivity on the island and housed
under semi-natural conditions behind a predator proof
fence, with the goal of establishing a captive breeding
colony to repopulate LBI. Tuatara and rats rarely coexist
because the rats limit recruitment (Cree et al. 1995), so the
recovered adults likely represented relicts of a population
that was headed for extinction (Whitaker and Daugherty
1991). Although extinction threats are often difficult to
determine and quantify (Sarrazin and Barbault 1996), in
this case there was strong evidence to suggest that rats
posed the primary threat to the persistence of tuatara on
LBI. As such, the New Zealand Department of Conserva-
tion undertook a massive eradication program in 2004 and
in 2006 LBI was declared rat free.

Since their rediscovery in 1991/92, the eight LBI tuatara
have bred in captivity and have successfully produced over
120 offspring. Eggs were laid in naturally constructed nests
in the tuatara enclosure, recovered by the island caretakers,
and artificially incubated at Victoria University of Wel-
lington (VUW), after which the hatchlings were returned to
LBI and held in captivity until rats were eradicated and
they reached an appropriate size (120 mm snout-vent
length, SVL) for release onto the island. Because tuatara
exhibit temperature dependent sex determination (TSD;
Nelson et al. 2004), clutches were split and incubated at
two different temperatures to give the offspring group a
slightly female biased sex ratio. In an effort to equalize
founder representation, the eight adults were initially
housed separately as male-female pairs, but after two years
of no reproductive activity, they were released into the
enclosure as a group. Within this group enclosure, the
suspected mothers of each clutch were identified (although
not confirmed genetically). However, the fathers (of which
there are four candidate males) of each clutch were not
identified because mating, which occurs ~8 months ear-
lier, was not observed. Because captive breeding on LBI
could not be manipulated, this new population could
hypothetically have been fathered by one individual.

Currently, little is known about the mating system of
tuatara. Although presumed to be polygynous due to their
highly territorial social system (Gillingham et al. 1995),
genetic paternity and the female’s contribution to the
mating system are unknown. To better understand the
genetic mating system of tuatara and its potential impacts
on genetic diversity of reintroduced populations, we assign
paternity to captively bred offspring and their potential
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parents, and discuss the implications for the future of this
highly valued population of a biologically significant
reptile.

Methods
Sample collection and genotyping

Tissue samples were collected from all LBI tuatara from
the period 1991-2005. These included ~0.5-1.0 ml whole
blood taken from the caudal vein/artery of adults, and toe-
clips taken from hatchlings that had been incubated at
VUW. All samples were stored at —80°C. DNA was
extracted from 10 pl of blood, and/or toe-clips (one per
individual) using a proteinase K phenol-chloroform pro-
tocol (Sambrook et al. 1989). DNA was quantified using a
Nanodrop ND-1000 spectrophotometer, and all samples
contained sufficient DNA for PCR amplification.

Seven microsatellite loci were amplified using PCR
(Table 1; Aitken et al. 2001; Hay and Lambert 2007) in
15 pl reactions. Reactions included approximately 10-
50 ng of template DNA, and followed the general thermal
cycle of 94°C for 1 min, (94°C for 30 s, 58-63°C for 20 s,
72°C for 30 s) for 35-40 cycles, 72°C for 30 min (see
Table 1 for locus-specific details). These loci were previ-
ously recognized as the most variable for tuatara on LBI
and Stephens Island (Hay and Lambert 2007). Amplified
products were multiplexed for genotyping and were run on
an ABI 3730 Genetic Analyzer (Applied Biosystems, Inc.).
Alleles were visualized using Genemapper software
(Applied Biosystems, Inc.) and sizes were manually scored
by the same observer.

Data analysis

Offspring maternity was assumed based on nesting
behavior and gravidity of females at the time of egg col-
lection. We checked offspring genotypes manually to
confirm maternity. Paternity was assigned for all offspring
based on 5 locus genotypes, with all four males considered
as candidate parents using the computer program Cervus
2.0 (Marshall et al. 1998). Prior to paternity analysis, we
checked loci for null alleles (in Cervus 2.0), and found that
one locus (C2F) had a high frequency of null alleles (null
allele frequency = 0.73). Null alleles (i.e., true alleles that
fail to amplify) can cause false exclusion of potential
parents by incorrectly typing true heterozygotes as homo-
zygotes (Dakin and Avise 2004). As this locus was not
highly variable and had a high probability of null alleles, it
was removed from the analysis. Another locus (E7IN)
proved difficult to score (due to non-specific amplification),

and was likewise removed from further analysis. Clutches
were determined to have multiple paternity if more than
one offspring per clutch was assigned to a different father
with >95% confidence, and that this assignment was based
on two or more loci.

To determine relative genetic diversity in the LBI adults,
we compared their number of alleles and observed heter-
ozygosity to the average of three random samples of eight
individuals each, from the largest extant population of
tuatara (Stephens Island, 30-50,000 individuals). We col-
lected blood samples from 300 tuatara on Stephens Island
(for a concurrent genetic study), and genotyped them at the
same five loci as the LBI samples. From the Stephens
Island samples, three groups of eight samples were ran-
domly selected for comparison to LBI adults. We then
determined the mean coefficient of relatedness (r; Queller
and Goodnight 1989) of the LBI adults and the three ran-
dom samples of Stephens individuals, and compared them
for significant differences using the computer program
GenAlEx (Peakall and Smouse 2006). We compared the
parental and offspring generations for significant differ-
ences in allele frequencies using the computer program
Genepop (Raymond and Rousset 1995), and calculated
observed and expected heterozygosities in GenAlEx
(Peakall and Smouse 2006).

We also used the program ENDOG v4.0 (Gutierrez and
Goyache 2005) to calculate the average relatedness coef-
ficient (AR) of each of the founders based on pedigree data.
Average relatedness values (Gutierrez et al. 2003) can be
used to indicate the relative genetic contribution of the
founders to the population and have been used directly in
genetic management of small populations (e.g., Goyache
et al. 2003).

We calculated the effective population size (V,), as a
surrogate for the effective number of breeders (N,,, e.g.,
Fiumera et al. 2002) based on the variance in male and
female reproductive success. First, the effective number of
males (N,,,; Kimura and Crow 1963) was calculated using
the formula

Nk, — 1

N, =———
em km—l—f—%:’

where N,, is the census number of breeding males, k,,is the
mean number of offspring produced per male, and Vy,, is
the variance in male reproductive success. A similar for-
mula was used to calculate the effective number of females
(Nep). N, was then determined based on the formula

N, = 4Ny Nes
Nem + Nef
Heterozygote excess can also be used to calculate the

effective number of breeders, based on the theory that
when the number of breeders is small, allele frequencies in
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Table 1 Tuatara (Sphenodon) microsatellite primer sequences (F = forward, R = fluorescently labeled reverse), optimal annealing tempera-
tures (74), number of cycles, and optimal MgCl, concentrations used for PCR reactions in this study

Locus Primer sequence (5'-3") T4 (°C) No. cycles MgCl, (mM)

CIH" F: GTTTCTTTGTCTCATTGCTTTCCCAG 60 35 2.5
R: CCTCTTCTCCGCCTTACACT

C2F° F: TCACTGTCAGCAGGCTCTTC 60 35 2.5
R: GAATGCGGGGAATGTGAGG

AI2N¢ F: GTTTGTTGGAGAAGGGAGGAGAATAATC 60 38 2.5
R: ATCACTGCTCATTTCAGCC

B8P? F: GTTTCTTAGATGGATGATTGGGGGAGT 58 38 2.5
R: AGAATGGGCCAACAAGACAG

ciip’ F: GTTTCTTAAGTGAAATGGGAAGCTGGA 60 40 2.0
R: GCAATAAGTTCCACCCGTCA

EIIN® F: GTTTCTTTTTGTGTGAAGAACGCATCC 63 40 2.5
R: CACTCCCCCATTACTGGACA

H5HY F: GTTTCTTACTAAACCCCCACTTTGGAG 60 40 2.5
R: GTGTCACCTGCTTCCCAGTT

# Sequences from Aitken et al. 2001
b Sequences from Hay and Lambert 2007

males and females will be different due to binomial sam-
pling error resulting in heterozygote excess in the offspring
(Pudovkin et al. 1996). Likewise, the temporal change in
allele frequencies between generations can also be used to
calculate N, (Waples 1989). These methods do have limi-
tations (Luikart and Cornuet 1999), and because (1)
heterozygote excess was not consistent across all loci in the
offspring (we found it in four of five loci), and (2) we can
assign maternity and paternity with great confidence in this
small population, we relied on variance in reproductive
success for directly determining N, as it is the most accu-
rate estimator in this case.

Results

Five locus genotypes were successfully assigned to all
adults (n = 8) and 16 clutches (121 offspring) hatched
from 1994 to 2005. All loci were polymorphic, and the
number of alleles per locus averaged 7.2 for the parents
(n=28) and 7.0 for the offspring (n = 121). All four
founding mothers successfully reproduced, and clutch sizes
varied per year and by female (mean size = 9.3 & 3.8,
range = 2-12 eggs). Hatching success averaged 76.4% and
was not significantly different between mothers
(Fiz.a3) = 1.5, P = 0.2) or fathers (F3 13 = 1.2, P = 0.4).
Because the number of clutches differed between females,
the maternal contribution was unequal among release off-
spring (total number of eggs, proportion; Mrs O = 23,
14.6%; Kowhai = 39, 24.7%; Greta = 40, 25.3%; Wher-
0 = 56, 35.4%). From the pedigree data, the genetic
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contribution of the founding females to the population was
as follows; Mrs O = 6.6%, Kowhai = 11.3%, Greta =
11.72%, Whero = 20.31%. On average, LBI females
reproduced every two years, which is more frequent than
the four year average seen in the wild (Cree et al. 1991,
Cree et al. 1992). However, two females produced clutches
in consecutive years, indicating that female tuatara are
capable of producing clutches every year when in good
condition. One of these clutches failed to hatch, and only 2
of the 3 hatchlings survived from the other.

Paternity was assigned to all offspring with >95%
confidence, and alleles were manually checked to confirm
assignment. All offspring likelihood (LOD) scores (the
sum of the log-likelihood ratios of each locus) were posi-
tive and ranged from 1.05 to 8.99. Multiple paternity was
found in 18.8% of clutches (n = 3; Fig. 1). No more than
two sires were represented in any clutch, and in multiply
sired clutches, the percentage of paternity by the second
sire ranged from 33-50% (Fig. 1).

Paternity was not equal among all males, with one male
(Punga) siring 77.5% of offspring (n = 93). Spike sired
16.7%, Arnie sired 5.8%, and one male (Rudolph) sired no
offspring. Punga sired offspring in all but two of the clut-
ches. From the pedigree data, the genetic contribution of
each of the founding males to the population was as fol-
lows; Punga = 37.11%, Spike = 8.59%, Arnie = 3.52%
and Rudolph = 0.78%. Body mass of the founding males
generally increased between 1991 and 2006, with Punga
eventually outweighing the other males (Fig. 2). Mean
observed heterozygosity decreased by 14% from the parent
to the offspring generation, which is consistent with a loss
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Fig. 1 Relative reproductive success of the four founding male
tuatara. Bars represent total number of offspring per clutch (by female
W = Whero, M = Mrs O, G = Greta, K = Kowhai, and year) as a
proportion of each of the four sires

of genetic diversity due to unequal male contribution
(Table 2). One allele was lost from the parent to the off-
spring generation, yet allele frequencies were not
significantly different % (10, 129) = 16.15, P = 0.095.
The average number of alleles per locus and the mean
observed heterozygosity for the LBI adults did not differ
significantly from Stephens Island tuatara (F3 6, = 0.16,
P > 0.9), when sample sizes were equal. Compared to a
large sample of tuatara from Stephens Island that we geno-
typed at the same five loci (n = 50), private alleles were
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Fig. 2 Body mass of founding male tuatara over time. Punga is the
heaviest male and sired 78.8% of the offspring (closed squares =
Punga, closed circles = Spike, open squares = Arnie, open cir-
cles = Rudolph). Snout-vent length follows a similar pattern of
growth

found in LBI tuatara at 2 of 5 loci (C11P and BSP). The mean
relatedness of LBI adults (r = 0.065) did not differ signifi-
cantly from Stephens Island tuatara (mean r = 0.033),
indicating that the LBI adults are no more inbred than those
of a large, highly dense population (2000 tuatara / ha;
Carmichael et al. 1989). Furthermore, the effective number
of LBI breeders was lower than the census number of
breeders (N = 8). Based on the variance in reproductive
success, N, = 3.77 (N,,,, = 1.32 and N = 3.30).

Discussion

This is the first study to document the occurrence of within-
season multiple paternity in tuatara. Multiple paternity is
common in many taxa including mammals (Eberle and
Kappeler 2004), birds, (Gibbs et al. 1990, Jamieson et al.
1994), insects (Bretman and Tregenza 2005), fish (Avise
et al. 2002), amphibians (Gopurenko et al. 2006), and in
other reptiles (e.g., Davis et al. 2001, Lee and Hays 2004,
Morrison et al. 2002, Xu et al. 2005, Zamudio and Sinervo
2000). Our results thus confirm the presence of multiple
paternity, and also genetic polygyny in tuatara.

Numerous hypotheses have been presented to explain
the benefits conferred to females that exhibit polyandry
(see Jennions and Petrie 2000, Reynolds 1996 for review).
These include, but are not limited to, (1) improved genetic
quality of offspring (via enhanced offspring diversity,
genetic compatibility, increased sperm competition, cryptic
female choice; Calsbeek and Sinervo 2004, Madsen et al.
1992), (2) transfer of nutrients in seminal fluid, and (3)
insurance against male infertility (Levitan and Petersen
1995). In populations or species where the odds of
encountering a mate are low, females are expected to
exhibit high levels of multiple paternity as a consequence
of sperm storage. Although there is no evidence of long-
term sperm storage in tuatara (Saint Girons 1983), ovula-
tion occurs ~ 1-2 months after mating (Cree et al. 1992)
thus providing a window for sperm competition or cryptic
female choice to occur. The mechanism underlying fertil-
ization success in tuatara remains unknown, but cryptic
female choice and/or sperm competition could play a role
in paternity determination.

Polyandry, polygyny and social dominance are clearly
reflected in paternity of the LBI tuatara population. Social
dominance may be based on large body size, as the
smallest male was completely restricted from mating.
Male-male competition appears to be an important deter-
minant of male reproductive success. Females may also
exhibit a preference for larger, more dominant males, a
phenomenon which has been shown in other taxa (e.g.,
Ambystoma tigrinum tigrinum, Howard et al. 1997,
Psammodromus algirus, Salvador and Veiga 2001; Uta
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Table 2 Number of alleles

(Na) and observed Locus Na parents Na offspring Ho parents Ho offspring
heterozygosity (Ho) of offspring AI2N 7 7 0.63 0.42
and adult Little Barrier Island i .
tuatara by locus CIH 0.63 0.53
Cl11p 10 9 0.88 0.89
B8P 10 10 0.88 0.91
H5H 5 5 0.88 0.60
Average 7.2 7.0 0.78 0.67

stansburiana, Calsbeek and Sinervo 2004). Although it is
possible that Rudolph, who sired no offspring, was simply
infertile, it is unlikely as the rates of infertility in reptile
populations are generally very low (Olsson and Shine
1997).

At the population level, social dominance of mating by
one or a few males decreases genetic diversity (e.g., Hoelzel
et al. 1999). The loss of heterozygosity from the parent to
the offspring generation (14%) in the LBI tuatara popula-
tion is not surprising considering the unequal representation
of the founding males. Although there are eight potential
breeders in the LBI captive breeding program, based on the
variance in male and female reproductive success, the
effective size of this population is approximately 4. This
small N, is cause for concern as this growing population is
likely to lose diversity at a rapid rate. The presence of
multiply sired clutches may help to offset the potential loss
of diversity from social dominance by increasing the
diversity of offspring within individual clutches and ulti-
mately increasing N, (Sugg and Chesser 1994).

Because we have included every known individual in
the LBI population in our analyses, it is impossible to
under- or overestimate current levels of genetic diversity.
However, our data span the first 12 years of this breeding
program (only a portion of the reproductive lifespan of a
tuatara), and it is possible that as male size and condition
changes with time, and management options are explored
(see below) the dominance structure will be altered sig-
nificantly. Aside from obvious correlates like body size
(i.e., competitive ability), it is currently unknown why
some males are consistently more successful than others.
Reproductive dominance by these individuals could be
beneficial if, for instance, they have greater variation at
functional genes, such as the major histocompatibility
complex (MHC) (Miller et al. 2007). If this were the case,
allowing the natural mating system to play a role, rather
than manipulating captive breeding, could actually enhance
offspring fitness.

While the small number of remnant LBI tuatara indicates
a recent demographic bottleneck, the remaining tuatara still
retain relatively high levels of genetic diversity. In a survey
of genetic diversity of tuatara populations, MacAvoy et al.
(2007) found similar results. Based on a different set of
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microsatellite markers than we used in our study, MacAvoy
et al. (2007) found an intermediate level of genetic diversity
in the LBI tuatara (n = 7) when compared to 13 other
tuatara populations. Tuatara populations exhibit strong
genetic structuring across their range, which further
emphasizes the need to conserve every remnant population
via threat removal and/or successful captive breeding
(Aitken et al. 2001, MacAvoy et al. 2007). MacAvoy et al.
(2007) concluded that a loss of rare alleles, resulting in a
mode shift in allele frequency classes, was indicative of a
genetic bottleneck that puts LBI tuatara at risk.

Conservation implications/management
recommendations

Conservation breeding programs are common in New
Zealand species recovery plans. In some instances, human
intervention and manipulation of founder representation
are possible (Clout and Craig 1995). However, in cases
such as the LBI tuatara, the best managers can do to retain
the genetic diversity of a particular population is to
repopulate the island with the genetic stock that remains,
and any breeding in captivity by these individuals is thus
considered a success. Although conservation efforts for
tuatara have been extremely successful (Nelson et al.
2002), from a genetic standpoint it would be useful for
managers to consider the genetic effects of potentially
highly polygynous captive colonies. Many captive-bred
populations scheduled for reintroduction are already suf-
fering from genetic bottlenecks, and unequal founder
representation would only further this, thus putting these
populations at even greater risk. In a captive setting,
rotating resident males with a group of females may help to
alleviate the effects of dominance and equalize male rep-
resentation. However, managing on a very fine scale (e.g.,
isolating specific breeding pairs) has not proven successful
in the past, so it is unknown whether breeding would even
occur under highly managed circumstances.

Although the remaining LBI tuatara appear to be
retaining some remnant diversity, the release group that
will repopulate this island is composed of all half and full
siblings, which may hinder the future success of this
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population by reduced reproduction, survival and hatching
success resulting from inbreeding depression. Releasing
the offspring at geographically distinct sites may help to
slow the rate of inbreeding by decreasing the probability of
full-sibling mating. Furthermore, removing Punga from the
captive colony may help to even out the distribution of
founder alleles, although this does not guarantee that all
males will be represented in the future. Since rats have
been removed from LBI, one new wild tuatara has been
sighted on the island. The admixture of new genetic stock,
from remnant tuatara still living on LBI outside of cap-
tivity, could improve the genetic health of this new
population.

In future captive breeding efforts, manipulation of
hatchling sex ratios could be beneficial for population
growth. Because tuatara exhibit TSD, manipulating sex
ratios of release groups (via artificial incubation tempera-
tures) is easily accomplished. Theoretically, an equal sex
ratio should maximize N, (Allendorf and Luikart 2007).
However, the adult sex ratio also has an impact on the
degree and frequency of polyandry and/or polygyny (e.g.,
Anthony and Blumstein 2000, Fitze et al. 2005). In small
populations where females are the reproductively limiting
sex, a female-biased sex ratio can amplify population
growth. Lenz et al. (2007) found that female-biased sex
ratios (of as much as 0.3 males:1 female) in captive bred
Lesser Kestrels, could not only increase N,, but lead to
recovery of the wild population. Because reproductive
success is so variable in male tuatara and females have an
infrequent, low reproductive output (Cree 1994), a female
biased sex ratio (of possibly as much as 0.25 males:1
female) may help to offset the variance in male repro-
ductive success by decreasing intrasexual competition,
while maximizing population growth and maintaining
genetic diversity.

The concept of translocating individuals or eggs from
one population to another (i.e., introducing migrants) has
been suggested as a potential means to increase genetic
diversity and population demography of some tuatara
populations (Allendorf 2001). This could be a way of
increasing N, for the LBI population. Because tuatara
exhibit strong phylogenetic structuring across their range,
source islands should be the most genetically similar
populations that would not be harmed by removal of a
small portion of their population. However, it is currently
unknown whether this could have negative impacts (e.g.,
outbreeding depression), so future research and manage-
ment should aim to explore this direction.
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