ISSN 0962-1083

= MOLECULAR
ECOLOGY

SEPTEMBER

2009

Published by
Wiley-Blackwell




MOLECULAR ECOLOGY

Molecular Ecology (2009) 18, 3792-3802

doi: 10.1111/j.1365-294X.2009.04315.x

How do reproductive skew and founder group size affect
genetic diversity in reintroduced populations?

K. A. MILLER,* N. J. NELSON,* H. G. SMITHt and J. A. MOORE*}

*Allan Wilson Centre for Molecular Ecology and Evolution, School of Biological Sciences, Victoria University of Wellington, PO
Box 600, Wellington 6140, New Zealand, t10 Todman Rd, Brooklyn, Wellington, New Zealand, 3University of Alaska
Southeast, Biology Department, 11120 Glacier Highway, Juneau, AK 99801, USA

Abstract

Reduced genetic diversity can result in short-term decreases in fitness and reduced
adaptive potential, which may lead to an increased extinction risk. Therefore, maintain-
ing genetic variation is important for the short- and long-term success of reintroduced
populations. Here, we evaluate how founder group size and variance in male
reproductive success influence the long-term maintenance of genetic diversity after
reintroduction. We used microsatellite data to quantify the loss of heterozygosity and
allelic diversity in the founder groups from three reintroductions of tuatara (Sphenodon),
the sole living representatives of the reptilian order Rhynchocephalia. We then estimated
the maintenance of genetic diversity over 400 years (~10 generations) using population
viability analyses. Reproduction of tuatara is highly skewed, with as few as 30% of males
mating across years. Predicted losses of heterozygosity over 10 generations were low
(1-14%), and populations founded with more animals retained a greater proportion of
the heterozygosity and allelic diversity of their source populations and founder groups.
Greater male reproductive skew led to greater predicted losses of genetic diversity over
10 generations, but only accelerated the loss of genetic diversity at small population size
(<250 animals). A reduction in reproductive skew at low density may facilitate the
maintenance of genetic diversity in small reintroduced populations. If reproductive skew
is high and density-independent, larger founder groups could be released to achieve
genetic goals for management.
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Introduction

Maintaining genetic diversity is a common goal for spe-
cies management, yet routine management actions such
as reintroductions may impose genetic bottlenecks.
After a bottleneck, reduced genetic diversity can result
in short-term decreases in fitness (inbreeding depres-
sion; Jamieson et al. 2007), increased extinction risk
(Saccheri et al. 1998), and reduced evolutionary poten-
tial (Frankham 1999, 2005). Effective management of
genetic diversity in reintroduced populations is there-
fore important for both short- and long-term success
(Fitzsimmons ef al. 1997; Armstrong & Seddon 2008),
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but founder group sizes are often small (Griffith et al.
1989), and reintroduced populations often have lower
genetic diversity than their sources at neutral and func-
tional loci (Williams et al. 2000; Miller & Lambert 2004).
Predicting how management actions affect genetic
diversity in reintroduced populations is therefore a pri-
ority both for species recovery (e.g. Towns 1999) and in
the broader field of reintroduction biology (Armstrong
& Seddon 2008).

Several factors will differentially affect the mainte-
nance of genetic diversity in reintroduced populations.
First, while reintroductions, particularly those with
small founder groups, are likely to cause a genetic bot-
tleneck and promote losses of genetic diversity, losses
of diversity could be minimised when populations
expand rapidly after reintroduction (Allendorf &
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Luikart 2007). Second, unequal reproduction (i.e. foun-
der representation in the offspring) may lead to a small
effective population size, but a high degree of genera-
tion overlap may minimise this effect (Nunney 1993).
Lastly, density dependence in the mating and social
systems (Kokko & Rankin 2006) may accelerate or slow
the loss of genetic diversity.

In many species, mating success is unequal among
individuals (Emlen & Oring 1977), and this variance
can lead to decreases in effective population size
(Anthony & Blumstein 2000). Indeed, highly polygy-
nous mating systems, including harem and dominance
polygyny, can lead to very low effective population
sizes when generations are nonoverlapping (Nunney
1993; Parker & White 1997), but as the degree of genera-
tion overlap increases, the impact of varying reproduc-
tive success is harder to quantify. As the generation
interval increases, the reduction in the effective popula-
tion size should be minimised (Nunney 1993), yet at
small population sizes, even a slight reduction in the
effective population size could result in rapid genetic
drift. The effect of variation in male reproductive suc-
cess is unclear when population size is increasing (e.g.
after reintroduction). If a few males dominate reproduc-
tion in a reintroduced population, inbreeding may
increase rapidly and exacerbate the effects of a genetic
bottleneck.

Mating systems and the determinants of male repro-
ductive success are often density-dependent (Kokko &
Rankin 2006). When males interact locally, for example,
dominant males may thwart mating attempts of nearby
subordinate males. When male-male competition
increases with density, theory predicts that a smaller
proportion of males will successfully mate at higher
density (Kokko & Rankin 2006). However, this relation-
ship does not always hold. Large male seed bugs (Nea-
corphyus bicrucis) defend territories against smaller
males in order to acquire mates. At high density, these
large males are less likely to monopolize territories, and
smaller males are more likely to mate (McLain 1992). At
very high densities, the energetic costs of site defence
outweigh the reproductive benefits (Brown 1969; Emlen
& Oring 1977), and males may abandon territoriality
altogether (Maher & Lott 2000). Thus, variation in male
reproductive success may change at differing popula-
tion densities.

We used population viability analyses to assess how
unequal reproductive success and founder group sizes
influence the long-term maintenance of genetic diversity
in reintroduced populations of tuatara. Tuatara (Sphen-
odon) are threatened reptiles endemic to New Zealand,
and are the sole representatives of the ancient reptilian
order Rhynchocephalia (Cree & Butler 1993). Reintro-
ductions are commonly used for tuatara conservation,
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but male reproduction is highly skewed (only 25-30%
of males mate, Moore et al. in press-a). We use the term
reproductive skew to specify the percentage of males
that do not mate during their lifetime (i.e. those
excluded from mating by dominant males, Kokko &
Rankin 2006).

The mating system of tuatara

Tuatara are medium-sized (~200 mm snout-vent length)
and extremely long-lived (possibly 100 years, Dawbin
1982; Cree 1994). They reach sexual maturity around
14 years of age (Cree et al. 1992). Although males can
breed every year, females reproduce asynchronously
once every 4 years (Cree et al. 1992). Tuatara are territo-
rial, and mate guarding results primarily in monogamy
within a season, and polygyny and polyandry across
seasons (Moore et al. in press-a). Reproduction is domi-
nated by large males, as they monopolize areas where
females are most dense and prevent smaller males from
mating by interfering with courtships (Moore et al. in
press-b). Large body size is the primary determinant of
male reproductive success, but mate choice is also influ-
enced by disassortative mating based on major histo-
compatability complex (MHC) genotype (Miller et al.
2009). Tuatara body size is most probably influenced by
resource availability rather than genetic factors such as
heterozygosity or MHC genotype (Miller et al. 2009),
and there is no evidence for alternative male reproduc-
tive strategies (Moore et al. in press-a). Discrepancies in
male reproductive success mean that male reproductive
skew is high, with as few as 30% of males obtaining
mates across years (i.e. 70% reproductive skew, Moore
et al. in press-a). The level of reproductive skew may
vary slightly with density, as the average body size of
males that successfully mate is smaller in lower density
habitats (Moore et al. in press-a). Further, in a captive
population of eight tuatara, three of the four males
successfully sired offspring over 15 years, but the
largest male sired 80% of all offspring (Moore et al.
2008).

Conservation of tuatara by reintroduction

Tuatara were once found throughout mainland New
Zealand, but are now restricted to ~30 offshore islands
that are free of introduced mammalian predators (Cree
& Butler 1993). Between 1995 and 2008, tuatara were
reintroduced to 12 sites. A total of nine source popula-
tions were used, but only a single source was used to
found each reintroduction. Five reintroductions were
sourced from two islands: Stephens Island (two reintro-
ductions) and North Brother Island (three reintroduc-
tions). Stephens Island (150 ha, 40°40’S, 174°00'E) has
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the largest population of tuatara (30-50 000 individuals,
Newman 1987) and high levels of genetic diversity at
both neutral and functional loci (Miller ef al. 2007, Hay
& Lambert 2008). North Brother Island (4 ha, 41°07’S,
174°27’E) has a small population of tuatara (~350
adults; Newman 1878; Nelson et al. 2002b) and very
low levels of genetic diversity at neutral and functional
loci (Miller et al. 2008). Tuatara were translocated from
North Brother Island as the population was then recog-
nized as a distinct species (Sphenodon guntheri, Daugher-
ty et al. 1990), but recent genetic work indicates that
Sphenodon is best described as a single species (Hay
et al. 2003, in press).

Initial survival of adults in the first year after reintro-
duction is high (at least 80%, and probably higher,
McKenzie 2007), and tuatara show rapid increases in
both body size and condition (Nelson et al. 2002a;
McKenzie 2007). Successful reproduction has only been
confirmed in three reintroduced populations as hatch-
ling and juvenile tuatara are extremely difficult to
detect, but may have occurred elsewhere. Because of
the extreme longevity, long reproductive interval, and
cryptic behaviour of tuatara, it is difficult to measure
the population responses to management. Demographic
and genetic models are important for predicting the
effects of possible management actions and are likely to
influence management decisions.

We used three well-monitored reintroduced popula-
tions of tuatara to measure losses of genetic diversity in
the founder groups and to predict the maintenance of
that diversity over 10 generations. In order to determine
the effects of reproductive skew and founder group
sizes on genetic diversity in reintroduced populations
of tuatara, we used microsatellite data from source pop-
ulations with high and low levels of genetic diversity to
quantify the initial genetic bottleneck (i.e. the loss of
alleles in the founder groups), and to predict the loss of
heterozygosity and allelic diversity over 10 generations
with different founder group sizes.

Methods

Microsatellite genotyping

Tuatara were reintroduced from North Brother Island
to Titi and Matiu/Somes Islands in 1995 and 1998 (with
68 and 55 founders, respectively, Fig. 1). In 2005, 70
tuatara were reintroduced from Stephens Island to Ka-
rori Wildlife Sanctuary, a fenced reserve on the New
Zealand mainland cleared of mammalian predators; this
population was supplemented with an additional 130
tuatara in 2007. We sampled DNA from tuatara in both
the source and reintroduced populations (Fig. 1), by
taking buccal swabs or blood samples. We sampled 246

L ]
Stephens Iskand
(246)

Titi lsland @
BB founders (25)

Morth Brother Island @ -
(55}

Karari Wildlife Sanctuary
70 founders (70)

Wil i 130 founders (130)

Liaabiaeld

Fig. 1 Map of Cook Strait, New Zealand, showing the source
populations (North Brother and Stephens Islands) and reintro-
duction sites (Titi Island, Matiu/Somes Island and Karori Wild-
life Sanctuary) in this study. The number of founders released
during each reintroduction is specified, and the number of
founders sampled is given in parentheses.

tuatara from Stephens Island and 55 tuatara from North
Brother Island. Animals reintroduced to Karori Wildlife
Sanctuary were sampled at the time of translocation,
and animals on Titi and Matiu/Somes Islands were
sampled between December 2006 and March 2007 (Aus-
tral summer). Only a subset of tuatara in reintroduced
populations are caught in any one season, due to their
cryptic behaviour and the short duration of most survey
trips (Nelson et al. 2002a). Therefore, sample sizes from
Titi and Matiu/Somes Islands are smaller than the num-
ber of founders released (Fig. 1).

We extracted total genomic DNA using a standard
proteinase K phenol-chloroform protocol (Sambrook
et al. 1989) followed by ethanol precipitation or using a
Qiagen DNEasy kit. We genotyped all animals from
North Brother Island at six polymorphic microsatellite
loci (A12N, CI11P, CI2F, E1IN, H5H and H4H; Aitken
et al. 2001; Hay & Lambert 2008). Animals from Ste-
phens Island were genotyped at one additional locus
(C2F). Polymerase chain reaction was carried out on an
Eppendorf Mastercycler thermocycler as outlined in
Moore et al. (2008), and products were run on an
ABI3730 Genetic Analyzer (Applied Biosystems, Inc.).
Allele sizes were scored manually using GeneMapper
3.7 (Applied Biosystems, Inc.).

Data analysis

Deviations from Hardy-Weinberg equilibrium (HWE)
were tested in GENEPOP4.0 (Rousset 2008). Tests of
significance were combined over all loci using Fisher’s
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combined probability test, and significance was
assumed at P < 0.05. The expected number of alleles,
E(n’), represented in founder groups of N individuals
from North Brother and Stephens Islands was calcu-
lated using the formula:

n

E()=n—Y"(1—p)?,

j=1
where 7 is the starting number of alleles and p; is the
frequency of the jth allele (Allendorf 1986). We then
compared the number of alleles detected in each of the
reintroduced populations to that expected with the
number of founders. All founders of the reintroduction
to Karori Wildlife Sanctuary were sampled, so the num-
ber of alleles detected is the true number of alleles in
the founder group. Whilst only a subset of founders of
the reintroductions to Titi and Matiu/Somes Islands
were sampled, they also represent the true number of
alleles in the founder group, as 100% of the source
population diversity was detected (see Results). The
expected proportion of the original heterozygosity
remaining in a founder group of N individuals (Allen-
dorf 1986) was calculated using the formula:

1

1——.
2N

Table 1 Input parameters used in VORTEX for tuatara

We used vorTEx v 9.92 (Lacy 1993) to model the
expected loss of heterozygosity (h) and allelic diversity
(A) over 10 generations in reintroduced populations of
tuatara from Stephens and North Brother Islands (for
demographic input parameters, see Table 1). The mean
generation interval in our simulations, calculated in
VORTEX from a stable age distribution, was 39.5 using our
input parameters. Therefore, we ran each simulation for
400 years (~10 generations). VORTEX assigns two unique
alleles to each founder; in each iteration, these hypothe-
tical alleles are ‘dropped’ through the simulated popula-
tion from parents to offspring according to Mendelian
inheritance. At the end of each iteration, the proportion
of h that remains (or 1 - f, the inbreeding coefficient) in
the population is calculated using this infinite allele
model. Thus, with all other demographic parameters
being equal, different h-values result from differences in
either the number of founders or carrying capacity. We
used microsatellite data from Titi Island and Karori
Wildlife Sanctuary to calculate allele retention when
reintroductions are founded from low- (North Brother
Island) and high-diversity (Stephens Island) source
populations. Microsatellite diversity in tuatara reflects
the amount of diversity seen at MHC loci (Miller et al.
2008), which are the most variable known vertebrate

High-diversity

Low-diversity

source source Reference
Maximum age 100 100 Dawbin (1982); Castanet et al. (1988)
of reproduction
Age at maturity 14 14 Cree et al. (1992)
% Adult females 25 25% Cree et al. (1992)
breeding annually
Annual clutch size 9.1+04 9.1 = 0.4t Nelson et al. (2004)
Annual recruitment}§ 5.07% 5.07% Castanet et al. (1988)
Annual adult mortality§ 2% 2% Nelson (1998)
Maximum number of 2 2 Moore et al. (in press-a)
mates/male/year
Carrying capacity 10 000 1500 Cree and Butler (1993)Y|

Genotype frequencies
of founders

Karori Wildlife Sanctuary

Titi Island This study

Life-history characteristics were the same in all models, because known differences in many life-history characteristics between the
high- (Stephens Island) and low-diversity (North Brother Island) source populations are most likely due to resource limitation on
North Brother Island (Hoare ef al. 2006), and thus may not be relevant after reintroduction. Carrying capacity and genotype
frequencies of the founder groups were different for reintroduced populations from high- and low-diversity source populations.
*The average gravidity rate of mature females is lower in the low-diversity source population (~11%, North Brother Island; Mitchell
et al. in review), but is likely due to resource limitation (Hoare et al. 2006). After reintroduction this rate should increase as female

body condition improves (Nelson et al. 2002a).

tMean clutch size is smaller in the low-diversity source (six eggs; North Brother Island), because of the small size of females
(Mitchell et al. in review). Within 5 years of reintroduction, females increase in body size and condition (Nelson et al. 2002a), and

mean clutch size would therefore increase.
1The percentage of eggs laid that survive into adulthood.

§Annual adult and juvenile mortality was assumed to be equal for males and females.
4 Using an estimate of 100 tuatara/ha over half of the available habitat.
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genes. We ran 1000 iterations for each scenario to provide
estimates of the loss of & and A given the stochastic
natures of inheritance and population growth.

Prior to running models of different founder group
sizes and levels of reproductive skew, we tested the
influence of inbreeding depression on the loss of h after
400 years in our models. We used groups of 30 adults
with each of three levels of reproductive skew (70%,
50% and 0%) with no inbreeding depression and with
inbreeding depression (3.14 lethal equivalents/individ-
ual, the median for mammalian species, Ralls et al.
1988; 50% due to recessive lethals). Inbreeding depres-
sion had little effect on the amount of & retained after
400 years, even at an unrealistically low carrying capac-
ity (5000 individuals) for the population in Karori Wild-
life Sanctuary (<0.1% less h retained relative to models
with no inbreeding depression). Therefore, we ignored
inbreeding depression in further models.

To determine how well & and A are maintained for 10
generations with different founder groups, we modelled
four different founder group sizes for translocations from
Stephens and North Brother Islands: 200 adults, 70
adults, 30 adults and 30 juveniles. Two hundred adults
represent the maximum number of wild founders used
for reintroduction; 70 adults represent the first reintro-
duction to Karori Wildlife Sanctuary and a similar foun-
der group to Titi and Matiu/Somes Islands. As mainland
fenced reserves are becoming more common in New Zea-
land, the number of tuatara reintroductions is expected
to increase, and it is likely that founder groups will be
comprised of ~30 adults for most of these reintroduc-
tions (P. Gaze, personal communication, New Zealand
Department of Conservation). Thirty juveniles is a similar
founder group to some reintroductions of captive-
bred/reared populations. Ages of adult founders were
modelled based on a stable age distribution. The age of
all juvenile founders was set to 5 years (the age at which
captive-reared tuatara are generally released).

To thoroughly assess the effects of male reproductive
skew, we ran 10 models of a reintroduction of each
founder group from both low- (North Brother Island)
and high-diversity (Stephens Island) source popula-
tions. In each model, we specified a different level
of male reproductive skew. We ran eight density-
independent models (0-70% reproductive skew, at 10%
increments) and two density-dependent models. These
values represent realistic levels of reproductive skew in
many species, including tuatara. Reproductive skew
(Ry) at a given population size (N) was directly propor-
tional to population density in the latter models, where

Ry =Re + [(Ru — Ry) * (N/K)],

and Ry is the reproductive skew at high density, Ry is
the reproductive skew at low density, and K is the

carrying capacity. We used a linear function, as the
exact changes in reproductive skew at differing density
are unknown. In the first of these models, we used 20%
reproductive skew at low density and 70% at high den-
sity (i.e. Ry =20 and Ry =70). In the second density-
dependent model, we used 0% reproductive skew at
low density and 50% at high density (i.e. Ry =0 and
Ry1 = 50). We based these values on data from captivity
and Stephens Island (respectively), where reproductive
skew is 25% at low density (Moore et al. 2008) and
70% at high densities (Moore et al. in press-a). To make
comparisons with the density-independent models, we
used 20% skew at low density rather than 25%. As
data from captivity and Stephens Island were collected
over 15 and 3 years, respectively, and may overestimate
reproductive skew over the lifespan of a tuatara, we
used the more conservative estimates in the second
density-dependent model.

Results

Expected heterozygosity per locus ranged from 0.071 to
0.497 (mean = 0.406) on North Brother Island and from
0.730 to 0.927 (mean 0.782) on Stephens Island. Follow-
ing Bonferroni correction, only one locus (H5V) devi-
ated significantly from HWE in the North Brother and
Stephens Island populations, but it was included in
models of allelic diversity. Mean allelic diversity was
144 on Stephens Island and 2.3 on North Brother
Island.

The proportion of alleles retained in founder groups
of each of the three reintroduced populations sampled
ranged from 84.2% to 100%, and was within 2% of the
predicted values (Fig. 2). Groups of 30 founders from
Stephens Island were predicted to retain only 70.9% of
the allelic diversity of the source, but 30 founders from
North Brother Island were expected to retain 99.2% of
the allelic diversity on North Brother. Founder groups
of 30-200 individuals were predicted to represent
between 98.3 and 99.8% of the original heterozygosity.

Models showed that after 10 generations, populations
with larger founder groups retained a greater propor-
tion of the & and A of both the source population and
the founder groups themselves (Fig. 3). For example,
populations founded with 200 adults from the high-
diversity source population (Stephens Island) with 50%
reproductive skew would retain 98.8% h and 83.2% A
of the source (corresponding to a loss of 1.0% h and
11.2% A from the founder group), but a population
founded with only 30 adults would retain 92.4% h and
52.4% A of the source population (a loss of 5.9% h and
18.5% A from the founders). Populations founded with
30 juveniles would retain less & and A over 10 genera-
tions than those founded with 30 adults. Predicted
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North Brother Island
- | (low diversity)
’ Titi Island (68) Stephens Island

high di it
0.90 {Matiu/Somes Island (55, (high diversity)

Karori Wildlife
Sanctuary (200)

Karori Wildlife
Sanctuary (70)

0.60

Proportion of alleles retained
o
~
o

0.50

0.40

0 50 100 150 200 250
Number of founders

Fig. 2 Comparison between the predicted loss of alleles with
different founder group sizes, based on allele frequencies in
high-diversity (Stephens Island; solid line) and low-diversity
(North Brother Island; broken line) populations. The actual
proportion of alleles retained in the reintroduced populations
of tuatara is indicated with circles. The number of tuatara rein-
troduced is indicated in parentheses.

losses of allelic diversity from populations with low-
diversity sources were small (6.5%) under even the
most extreme conditions (30 juvenile founders; 70%
reproductive skew; Fig. 3D). On the other hand, popu-

(A) High-diversity source
1.00

0.98 M 200 adults
0.96 A\‘\ 70 adults
0.94
0.92
0.90
0.88 30 adults
0.86 30 juveniles
0.84
0.82
0.80

Proportion h retained
after 10 generations

0 10 20 30 40 50 60 70
Reproductive skew

(C) High-diversity source
1.00

0.90

0.80 e\‘\ 200 adults
0.70 A\‘\
70 adults

0.60
0.50 B\r\
30 adults

30 juveniles
0 10 20 30 40 50 60 70
Reproductive skew

Proportion A retained
after 10 generations

0.40

lations with high-diversity sources lost at least 13.2% of
alleles even under scenarios that promote retention of
allelic diversity (200 adult founders; 0% reproductive
skew; Fig. 3C). Probabilities of extinction were 0% for
all populations founded with 30, 70 or 200 adults. The
probability of extinction was 0.4-4.8% for populations
founded with 30 juveniles.

Greater male reproductive skew led to significant
predicted losses of I and A after 10 generations (Fig. 3).
The loss of h was between 0.2% and 2.9% greater with
each 10% increase in reproductive skew (i.e. with 10%
more males excluded from mating), and was minimal
after population size exceeded ~250 animals. The
predicted effect of reproductive skew on & was slightly
more severe when carrying capacity was smaller
(Fig. 3B). Reproductive skew had a greater effect on the
loss of alleles in the high-diversity populations (Fig. 3C).
The loss of A was 0.7-3.7% with each 10% increase in
reproductive skew in the high-diversity populations, but
0.1-1.4% in the low-diversity populations. Populations
from a high-diversity source population are predicted to
retain between 43.1% and 86.8% of the source A,
depending on the number of founders and the degree
of reproductive skew (Fig. 3C), while populations

(B) Low-diversity source
1.00

0.98 0\
: 200 adults

096 A\

0.94 70 adults
0.92 .

0.90
0.88
0.86
0.84
0.82
0.80

30 adults

Proportion h retained
after 10 generations

30 juveniles

0 10 20 30 40 50 60 70
Reproductive skew

(D) Low-diversity source
1.00 T ——— 200 adults
. 70 adults

098]
0.96 g—\

0.94 gg jaL'lijg;siles
092

0.90
088
086
084

0.82
0.80

Proportion A retained
after 10 generations

0 10 20 30 40 50 60 70
Reproductive skew

Fig. 3 Predicted proportion of source heterozygosity (1) and allelic diversity (A; note differences in scale) retained 10 generations
after reintroduction of founder groups with different levels of reproductive skew (presented as the percentage of males that do not
mate). Solid lines indicate the retained diversity predicted from density-independent models; symbols indicate the retained diversity
predicted from density-dependent models (@: 30 juvenile founders, B: 30 adult founders, A: 70 adult founders, #: 200 adult
founders). Open symbols indicate the retained diversity predicted when 0% of males are excluded from mating at low density, and
50% are excluded at high density. Closed symbols indicate the retained diversity predicted when 20% of males are excluded at low

density, and 70% are excluded at high density.
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reintroduced from a low-diversity source population
are predicted to retain 93.4-100% of the source A.

The predicted losses of & and A in density-dependent
models were similar to, but slightly greater than losses
predicted by the percentage of males mating at low
density (Fig. 3). For example, with 20% reproductive
skew at low density and 70% at high density, popula-
tions retained similar levels of & and A after 10 genera-
tions as predicted by density-independent models with
20-30% reproductive skew.

Discussion

Reintroduced populations of tuatara should retain a rel-
atively high proportion of the heterozygosity (86-99%)
and allelic diversity (43-100%) of their source popula-
tions after 10 generations. Founder groups released into
Karori Wildlife Sanctuary, Titi Island, and Matiu/Somes
Island have retained 84-100% allelic diversity of their
source populations. The amount of genetic diversity in
the source populations affects the retention of diversity
in the founders, with populations reintroduced from
high-diversity sources (Stephens Island) losing more
diversity than those from low-diversity sources (North
Brother Island). As expected, populations founded with
more animals were predicted to retain a greater propor-
tion of heterozygosity and allelic diversity of both the
source populations and the founder groups after 10
generations than smaller founder groups. Greater male
reproductive skew led to greater predicted losses of het-
erozygosity and allelic diversity over 10 generations,
but the effect of reproductive skew was minimal after
the populations expanded to >250 animals.

Losses of genetic diversity

It is generally agreed that the more heterozygosity
retained, the better (Franklin & Frankham 1998; Lynch
& Lande 1998), but cited goals for genetic management
of threatened species are typically ~90-95% heterozy-
gosity retained over 100-200 years (Soulé et al. 1986;
Lacy 1987; Allendorf & Ryman 2002). As tuatara are
extremely long-lived (possibly 100 years, Dawbin 1982;
Cree 1994) with a long generation interval, targets for
genetic management in reintroduced populations over
100 years have little meaning. However, we applied
these targets (90-95% heterozygosity) to tuatara over 10
generations.

The rate of population expansion has a large effect on
how well genetic diversity is maintained, and factors
that increase population growth rates may help to
maintain genetic diversity (Allendorf & Luikart 2007).
After reintroduction, several factors may result in
greater population growth rates. Release from competi-

tion results in higher body condition and increases in
body size (Nelson et al. 2002a; McKenzie 2007). Female
tuatara in better body condition may reproduce more
frequently, and those with larger body size produce
more eggs per clutch (Newman et al. 1994). Females in
captivity, where resources are not limited, reproduce on
average every 2 years (Moore et al. 2008). Additionally,
at low density, the top predator of juveniles (adult tua-
tara) will be sparse, and juvenile survival may be
higher. Under these conditions, the loss of heterozygos-
ity and allelic diversity may be lower than predicted by
our models.

Genetic drift in small populations generally out-
weighs selection at functional loci (e.g. MHC; Miller &
Lambert 2004; Campos et al. 2006; but see Aguilar et al.
2004). In tuatara, the loss of genetic variation at MHC
loci after a bottleneck is comparable to that lost at
neutral loci (Miller et al. 2008). Although models of
neutral genetic variation may have limited ability to
predict the effects of a bottleneck on quantitative (poly-
genic) variation (Reed & Frankham 2001), they can be
used to evaluate how well adaptive variation (at least
at MHC loci) may be maintained after reintroduction.
The loss of genetic variation at these fitness-related
genes may reduce the ability of the populations to
respond to novel disease threats and increase the risk of
an epidemic causing a population crash.

Choice of source population

The assumption of no background inbreeding (i.e. all
founders being unrelated) may be unrealistic, particu-
larly for populations reintroduced from North Brother
Island, which has a history of population bottlenecks
and small population size (Newman 1878; Nelson et al.
2002b). We ignored inbreeding depression in our mod-
els, as it had relatively little impact on the amount of
heterozygosity retained after 10 generations, but
inbreeding (particularly when a small number of foun-
ders are reintroduced) could affect individual fitness
and may reduce population growth rates (Briskie &
Mackintosh 2004; Taylor et al. 2005). If deleterious
alleles have been purged on North Brother Island
because of its history of small population size and bot-
tlenecks, then populations reintroduced from North
Brother Island would be less affected by the increase in
inbreeding than a population reintroduced from Ste-
phens Island. However, purging is unlikely to reduce
the negative effects of inbreeding (Ballou 1997; Frank-
ham 2001), particularly when deleterious alleles have
small rather than lethal effects (Hedrick 1994). Thus, it
is likely that populations reintroduced from North
Brother Island would be equally vulnerable to the
potential effects of inbreeding.
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Populations reintroduced from North Brother Island
would retain a larger proportion of the allelic diversity
of the source than populations reintroduced from Ste-
phens Island. This does not indicate that reintroduced
populations from Stephens Island would have less
adaptive potential. In fact, even when 50% of the origi-
nal allelic diversity from Stephens Island is lost during
reintroduction, it is higher than that on North Brother
Island. Why, then, should North Brother Island (or any
other population with low genetic diversity) be used as
a source population? Tuatara were reintroduced from
North Brother Island as part of an objective for species
recovery to maintain genetic diversity across the exist-
ing range of tuatara. North Brother Island is the only
naturally occurring population of a recently recognized
species of tuatara (S. guntheri), but current genetic data
indicates that Sphenodon is better described as a single
species (Hay et al. 2003, in press). Genetic distinction of
the North Brother Island population may have resulted
from an historic bottleneck (Newman 1878) and subse-
quent genetic drift. In the absence of a species distinc-
tion, we recommend that high-diversity populations
be selected as source populations over low-diversity
populations.

Our results suggest that reintroductions from North
Brother Island should lose little allelic diversity, but will
have low diversity at both neutral and functional loci.
Small populations with low diversity are at an increased
risk of extinction (Saccheri et al. 1998), and hybridising
populations, subspecies, or even species can reduce the
effects of inbreeding depression and increase population
growth rates (e.g. Madsen et al. 1999; Pimm et al. 2006).
However, ‘genetic rescue’ of populations is complex and
may lead to outbreeding depression; it is difficult to
predict whether hybridisation will be beneficial to a
given population (Tallmon et al. 2004). Reintroductions
to islands provide an opportunity to assess the effects of
population hybridisation for tuatara: individuals from a
genetically distinct population could be added to one of
the populations reintroduced from North Brother Island.
Population growth rates and fitness could be monitored
simultaneously in the reintroduced populations on Titi
and Matiu/Somes Islands to assess whether there is
evidence for inbreeding depression and whether hybri-
disation alleviates the effects.

Founder group size and composition

The number of founders released during reintroduc-
tions may be small to reduce impacts on fragile source
populations (e.g. Towns & Ferreira 2001) or because of
the inherent risk of reintroduction. Forty-six per cent of
reintroductions of birds and mammals carried out
between 1978 and 1986 had fewer than 30 founders
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(Griffith et al. 1989). Although the median number of
founders increased to ~50 founders by 1993 (Wolf et al.
1996), founder groups are often still much smaller than
50, particularly for threatened species (e.g. Fitzsimmons
et al. 1997; Towns & Ferreira 2001). It has been sug-
gested that ~100 founders would be needed to maxi-
mise the probability of success (Griffith et al. 1989), but
species with high population growth rates may have a
negligible probability of extinction through demo-
graphic stochasticity after reintroduction of as few as
four animals (e.g. saddlebacks, Philesturnus caruncucatus;
Taylor et al. 2005). Similarly, our models showed a neg-
ligible probability of extinction with at least 30 adult
founders.

Captive-reared juveniles are often used as founders
for reintroduced populations (Griffith et al. 1989), and it
is often possible to release more captive-reared juveniles
than wild founders without damaging the source popu-
lations. These juveniles are often related clutch-mates,
as the harvest an equivalent number of wild juveniles
may be unfeasible for many cryptic species because
juveniles are difficult to locate. Although captive-reared
juveniles remain in captivity during the period of high-
est mortality (e.g. until age 5 for tuatara), survival of
juveniles is lower than adults. Our results show that the
release of juvenile founders would result in greater
losses of genetic diversity than release of the same
number of adults, because juvenile mortality effectively
results in fewer founders. Additionally, reintroductions
of juveniles have slightly higher probabilities of extinc-
tion than reintroductions of the same number of foun-
ders (Nelson 1998; this study). Therefore, adult
founders should be used over an equivalent number of
juvenile founders. Juveniles could be released if more
founders are released to compensate for greater juvenile
mortality and increased founder relatedness.

Larger founder groups will help to maximise genetic
diversity, reduce inbreeding, and maintain genetic
diversity across generations. Our models clearly indi-
cate that with any source population or any level of
reproductive skew, reintroduced populations founded
with more individuals will have smaller losses of
genetic diversity over 10 generations. However, popula-
tions founded with only 30 adult tuatara should meet
genetic targets for management when reproductive
skew is low (see next section). For species with rela-
tively high reproductive output with low levels of
reproductive skew, at least 30 founders should be
released to achieve genetic goals.

Reproductive skew

High variance in male reproductive success, where few
males obtain almost all of the matings in a population,
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results in low effective population size (Nunney 1993;
Parker & White 1997), yet the effect of reproductive skew
is difficult to quantify in species with overlapping gener-
ations. Our models showed that reproductive skew had
relatively little impact on the loss of genetic diversity
while population size was large. However, when popula-
tion size is reduced (e.g. after reintroduction), reproduc-
tive skew has a significant impact on how well genetic
diversity is maintained, despite a large generation inter-
val. Thirty founders will therefore not be adequate for
reintroductions of species with highly polygynous mat-
ing systems, where reproductive skew is high.

Differences in fitness due to unequal mating success
are the basis of sexual selection, and are common
in natural populations (Emlen & Oring 1977). Thus,
reproductive skew per se is not detrimental, but after
reintroduction, it may have a large influence on whether
the genetic goals for management are met. Density-
dependent changes in reproductive skew, where more
males mate at low density, may facilitate the mainte-
nance of genetic diversity in the early stages of popula-
tion growth after reintroduction. If reproductive skew is
high and density-independent, larger founder groups
could be released to achieve genetic goals for manage-
ment. For example, populations of tuatara founded with
70 adults with 70% reproductive skew would retain
similar amounts of heterozygosity and allelic diversity
to a population founded with 30 adults with 0% repro-
ductive skew. Although it is possible to intentionally
bias founder sex-ratios to account for reproductive skew
(Lenz et al. 2007), it will not always be possible to
determine which males might be successful, particularly
if more males mate at low density or there are multiple
determinants of male reproductive success (e.g. body
size and colouration, Stapley & Keogh 2006). For spe-
cies with strong social structure where subordinate
males may be entirely eliminated from mating, under-
standing how density influences social structure will
be critical for understanding how genetic diversity is
maintained and thus how reintroduction will impact
population viability.
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