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Abstract

Reintroduction guidelines recommend that ‘adequate’ numbers of individuals be
released to minimize loss of genetic diversity, but these numbers are rarely
quantified. We present a framework for assessing the number of individuals
required for an island reintroduction that takes account of allele loss both during
the founding event and in the following establishment phase with a low population
size. This is the first attempt to model release numbers for reintroductions in order
to preserve alleles with a specified initial frequency, while taking post-release
mortality rates, population growth rates and site carrying capacity into account.
Probability of allele retention was sensitive to both release number and post-
release demography. The rate of allele loss was strongly influenced by both
environmental stochasticity and delayed population growth but was little affected
by increasing the annual turnover rate of the breeding population. We illustrate
the model’s application using parameter estimates from a threatened New Zealand
passerine, the mohua Mohoua ochrocephala, for which reintroduction is a common
management tool. Our modelling indicates that when population growth is
moderate (A = 1.3), ¢. 60 individuals would need to be released to achieve at least
95% certainty that alleles at an initial frequency of 0.05 would be retained after
20years (five overlapping generations), which is double the number typically
released in translocations of mohua and other threatened forest passerines in

New Zealand.

Introduction

The World Conservation Union (IUCN) recognizes the
need to conserve genetic diversity as one of three
global conservation priorities (McNeely et al., 1990). Popu-
lations with high levels of genetic diversity should be
more likely to adapt to changes in habitat, climate or
pathogens (Frankham, 2005). Perhaps nowhere is this more
important than in translocated or reintroduced populations
(Sarrazin & Barbault, 1996; Stockwell, Mulvey & Vinyard,
1996).

The goal of a reintroduction is to establish a viable, free-
ranging population in the wild within the species’ former
natural habitat and range (ITUCN, 1998). Reintroductions
are becoming increasingly important in the management of
threatened species (Seddon, Armstrong & Maloney, 2007),
with the literature focusing mainly on factors affecting
population establishment (i.e. population growth beyond
the size at which transient factors associated with transloca-
tion may lead to extinction) which can take up to tens of
years (Griffith ez al., 1989; Fischer & Lindenmayer, 2000).
Although population establishment is essential for success-
ful reintroductions, recovery programs should also aim to
maximize the chances of long-term persistence, which re-
quires the maintenance of high levels of genetic diversity

(Frankham, Ballou & Briscoe, 2002; Allendorf & Luikart,
2007; Armstrong & Seddon, 2008).

When small numbers of individuals are reintroduced to
an isolated area such as an island, the new population is
unlikely to be representative of the source population’s gene
pool and will generally have lower genetic diversity (e.g.
Stockwell et al., 1996; Tarr, Conant & Fleischer, 1998;
Mock, Latch & Rhodes, 2004). Typically, only a portion of
the released individuals survives to breed and contribute
genetically to the next generation (Jamieson, 2011). The
smaller the founding population size, the greater the initial
deviation will be from the source population (founder
effect). Genetic diversity is further reduced through genetic
drift in subsequent generations when alleles are lost due to
chance, especially if the population remains small or grows
slowly (Frankham et al., 2002; Allendorf & Luikart, 2007).

There are three main ways in which loss of genetic
diversity can be managed: (1) source founders from geneti-
cally diverse populations; (2) choose reintroduction sites
with large carrying capacities; (3) release large numbers of
founders (Allendorf & Luikart, 2007). Unfortunately, man-
agers may not have prior knowledge of the genetic status of
the source population and their choice of release sites could
be limited, but they do tend to have control over the number
of individuals caught and released. Although ‘more is
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usually better’, managers would prefer to translocate the
minimum number necessary to maintain genetic variability
because of financial and logistic constraints. [UCN (1998)
guidelines recommend that the release should be modelled
under various sets of conditions, in order to specify the
number and composition of individuals to be released.
Studies have modelled the demographic and genetic con-
sequences of varying sex and age composition of release
groups with respect to detrimental effects of inbreeding
depression (e.g. Sarrazin & Legendre, 2000; Robert et al.,
2004; Robert, Couvet & Sarrazin, 2007), but there are
surprisingly no general rules available for calculating release
numbers for preserving genetic diversity.

Zoo biologists recommend that 20 genetic founders (i.e.
the subset of original founding stock that contribute genes
in the form of independent offspring to the new population)
are adequate for establishing a captive stock of endangered
species, as these should contain 97.5% of the genetic
variability as measured by heterozygosity or gene diversity
present in a wild population (Foose et al., 1986; Lacy, 1989;
Willis & Wiese, 1993). However, guidelines for establishing
captive breeding stocks are not directly transferable to
reintroductions in the wild for three reasons. First, they
focus on heterozygosity as a measure of genetic diversity,
but little heterozygosity is expected to be lost even during
severe bottlenecks if these are of short duration (Allendorf,
1986). Loss of alleles is a more appropriate measure of
genetic diversity when considering long-term effects, be-
cause loss of allelic diversity will have significant effects on
future adaptability and survival of species in the wild
(Allendorf & Luikart, 2007). Second, reintroduced animals
in the wild will often suffer higher mortality immediately
after release (Armstrong et al., 1999; Fischer & Linden-
mayer, 2000), compared with those transferred to the more
benign zoo or captive breeding environment. On the other
hand, the ultimate size of reintroduced wild populations
potentially exceeds the size of captive populations, assuming
the agent of decline is absent or being managed. Finally, the
common practice of managing pairings to equalize founder
representation in captive populations, to minimize loss of
genetic diversity (Lacy, 1989), would be difficult to imple-
ment in most wild populations.

The above arguments suggest the need for a new ap-
proach for deciding on the number of individuals to release
in reintroductions to retain alleles of specified frequency
through the colonization phase, beyond which increased
effort in capturing and releasing more individuals provides
only marginal gains in genetic diversity (i.e. a curve of
diminishing returns). Here, we develop a relatively simple
framework and apply it to mohua or yellowhead Mohoua
ochrocephala, a threatened New Zealand forest passerine
that is commonly translocated to offshore island refuges
where exotic predators (rats and mustelids) are absent. Our
approach is to model genetic drift in reintroduced popula-
tions by simulating the probabilities of retaining genetic
diversity (allele retention) during and after reintroductions
with varying numbers of released individuals. We consider
scenarios in which the following parameters vary: allele
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frequency in the source population, initial survival rate after
reintroduction, population growth rate and carrying capa-
city. We perform additional simulations to assess the effects
of environmental stochasticity, delayed establishment and
increased turnover in the breeding population on allele
retention. Finally, we discuss the management implications
of these models for mohua and other species facing potential
translocations and reintroductions.

Methods

In order to model the number of released individuals needed
to retain genetic diversity in reintroduced populations, we
estimated the probability of preserving an allele of a given
frequency over a period of 20 years after the reintroduction
of different numbers of individuals. We developed a sto-
chastic model in R (R Development Core Team, 2008) to
simulate the loss of an allele during and after a bottleneck.
The model and guidelines on how to run it are available as
an online resource (see supporting information). Parameters
are chosen to closely reflect the situation for mohua,
although similar models could be developed for species with
life-history characteristics that differ substantially from
mohua (see ‘Discussion’). We simulated the founding event
or bottleneck by first selecting a given number of founders
from a large source population. This source population
segregated variation at a single bi-allelic locus, and was
assumed to have an even sex ratio. The probability of
retaining the allele in the initial founding event (P) was
given by the equation:

P=1-(1-g (1

where ¢ is the allele frequency and Ny is number of genetic
founders (Allendorf & Luikart, 2007). The program then
simulated loss of the allele due to genetic drift as the
population grew, assuming no mutation, migration or selec-
tion. We chose a 20-year timeframe because this is a
plausible ‘establishment’ period for mohua to reach carrying
capacity, given the model parameters. Twenty years repre-
sents approximately five generations based on an average
adult life expectancy of 4 years at sites without introduced
predators (G. Elliott, pers. comm.). The simulation was
accomplished by randomly pairing adults, assuming mono-
gamous mating and retaining of mates until widowed. New
pairs were randomly chosen from the pool of available
mates, which included new recruits (offspring from previous
season) and widowed breeders, allowing overlap in genera-
tions. Adult survival rate from year to year was specified.
Average growth rate was specified by the nominal finite rate
of increase (4). The average number of recruits per pair was
varied to provide the required growth rate, given the adult
survival rate. Recruitment was truncated when the popula-
tion reached carrying capacity. Carrying capacity can be
specified as the number of total individuals or the number of
breeding pairs. We selected the latter because in mohua
maturing individuals can become non-breeding helpers once
territories have filled the available habitat (Elliott, 1990).
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Stochasticity was allowed in sex ratio, number of recruits
per pair and adult survival. We performed additional
simulations to assess the effects on allele retention of
environmental stochasticity, increased turnover in the
breeding population (while keeping population growth rate
constant) and delayed establishment (see ‘Results’). The
main parameters used for simulations are discussed in turn.

Initial allele frequency (qo)

We simulated the probability of losing alleles with initial
frequencies in the source population of 0.02, 0.05, 0.1 and
0.2. We henceforth refer to the first two allele frequencies as
‘rare’ and ‘moderately rare’, respectively.

Number of individuals released

We simulated allele retention over time with 15, 30, 45, 60,
75, 90, 105 and 120 individuals released. Previous reintro-
ductions of mohua usually aimed to translocate 30 indivi-
duals, but a range of 6-75 has been recorded (C. O’'Donnell,
pers. comm.).

Number of individuals released versus
genetically contributing founders

In most cases only the number of individuals released is
known and recorded even though a significant portion of
these may die before producing offspring and contributing
to the founding gene pool. Our model assumed that 80% of
the released mohua survive, estimated from a previous
mohua reintroduction (Oppel & Beaven, 2004), although
lower survival rates during reintroductions are known
(Taylor, Jamieson & Armstrong, 2005).

Annual survival rate

A previous study of mohua on the mainland estimated adult
survival at 73-80% in years with low predator numbers
(Elliott, 1996). For island reintroductions where introduced
predators are absent, we have chosen an individual year-to-
year survival rate of 80%.

Finite rate of increase (1)

To take into account the initially positive growth rates
typical of reintroduced avian populations (Taylor ez al.,
2005), we considered high (4 = 1.8), medium (1 = 1.3) and
low (/= 1.1) growth rates in our models. These values also
fell between the population growth rates for two reintro-
duced mohua populations for which we have data (Tracy,
2009). Stochasticity in the model caused the long-term
growth rate to fall slightly below the specified A (Lande,
Engen & Saether, 2003). Environmental stochasticity was
modelled separately by varying A between years according to
a lognormal distribution with mean (1) = 1.3 and two levels
of variability in population growth rate [expressed as the
coefficient of variation (CV) of /] of 0.2 and 0.4. Variation
was applied equally to the components of A (annual survival
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and recruitment), except that when survival reached 1.0
recruitment was increased relatively more to achieve the
required value for 1.

Carrying capacity (K)

We simulated the probability of allele retention in island
populations with two different carrying capacities (100 and
150 breeding pairs) based on estimates for mohua provided by
the Department of Conservation (H. Edmonds, pers. comm.).

Recruitment age

Mohua typically do not breed until their second year,
although first-year breeding may occur more frequently
when populations are at low density (Elliott, 1990). We
simulated breeding at age one or two and found an allele
retention probability difference between the two scenarios
of <0.013 with overlapping confidence limits. Therefore in
further simulations we considered only the scenario that
allowed breeding from age one.

Extinction

Due to stochasticity in the model, it may happen that all
individuals are of the same sex, leading to population
extinction. All runs in which extinction occurred were
counted as ‘allele not retained’.

For each scenario we conducted 1000 replicate simula-
tions. We report the proportion of simulations in which the
allele was retained, with 95% binomial confidence limits.

Results

We modelled loss of alleles over 20 years after a bottleneck
with varying number of individuals released. As expected,
the probability of retaining alleles increased with the num-
ber of individuals released, both in the first generation of
reintroduction and after 20 years, and the effect of release
number was especially marked for rare alleles (Fig. 1). For
example, when the growth rate was slow (4= 1.1) and 30
individuals were released the probability of retaining a rare
allele was only 0.29 when ¢y = 0.02 and 0.51 when ¢, = 0.05
(95% confidence intervals around this and the other prob-
ability estimates were < +3%; see Fig. 1). Releasing 60
individuals increased the probability of retaining a rare
allele to 0.48 when ¢y = 0.02 and 0.82 when ¢y = 0.05, and
releasing 120 individuals increased the probability to 0.74
and 0.97, respectively. Therefore, with a slow growth rate
(A=1.1), c. 105 individuals would need to be released to
achieve 95% certainty that alleles at initial frequency of 0.05
would be retained after 20 years (Fig. 1a).

The model above is sensitive not only to the number of
individuals released, but also to the growth rate of the
population. With a moderate growth rate of A= 1.3, the
release of 60 individuals gives a 95% certainty that an allele
at an initial frequency 0.05 would be retained after 20 years
(Fig. 1b). When growth rate is as high as 1 = 1.8 (Fig. lc¢),
then the probability of retention after 20 years is similar to
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Figure 1 Probability of an allele being retained after 20 years based on
1000 replicates with initial allele frequencies (qgo) of 0.20, 0.10, 0.05
and 0.02 for (@) A=1.1, (b) A=1.3 and (c) A=1.8. Bars indicate 95%
confidence limits.

that predicted for the first generation of a bottleneck
[equation (1)]. Changing K from 150 to 100 breeding pairs
had minimal effect on the final outcome of allele retention
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after 20 years, as most of the loss occurred in the first few
generations (L. Tracy unpubl. data).

Environmental stochasticity was modelled by varying A
between years according to a lognormal distribution with
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Figure 3 Examples of allele frequencies during 10 simulations over
20years when the initial allele frequency was 0.05 and the number of
individuals released equalled (a) 15 and (b) 60. Note that in (a), the
allele was not present in founding individuals in five out of 10
replicates (refer to equation (1) of ‘Methods’).

mean = 1.3 and two levels of CV (1) (0.2, 0.4). Population
turnover was increased by reducing annual survival while
increasing recruitment to maintain constant A= 1.3. The
possibility that the introduced population began to increase
only after a time lag, and therefore experienced a protracted
bottleneck, was simulated by imposing an initial period of
stasis (4 = 1.0) for 3 or 6 years. The results of these separate
variations on the base scenario are shown in Fig. 2. Envir-
onmental stochasticity exacerbates allele loss at small release
numbers, and at moderate to high levels [CV (1) = 0.4] could
reduce allele retention even with large release numbers (Fig.
2a). Increased annual turnover of the breeding population
had a smaller effect on allele loss (Fig. 2b), and even the
lowest survival rate considered (0.6 year ') is probably
extreme, especially for an increasing population. Delayed
population growth exposes founding populations to greater
allele loss during the extended bottleneck (Fig. 2c).

Because genetic drift is simply sampling error, there will
be variation among runs with the same set of parameters. To
illustrate this, we graphed the allele frequency during 10
simulations with two parameter sets: go = 0.05, A=1.3,
K =150 breeding pairs and number of individuals re-
leased = 15 (Fig. 3a) and 60 (Fig. 3b). The figures also
illustrate how overall variation in allele frequency decreases
as release number increases.

Reintroduction release number

Discussion

Guidelines for reintroductions recommend that ‘adequate’
numbers should be released to minimize loss of diversity
(e.g. Frankham et al., 2002; Allendorf & Luikart, 2007), but
this number is unquantified. We have presented a frame-
work for assessing the number of individuals required for a
reintroduction. The probability of retaining a rare allele
through the founding phase increases with increasing foun-
der number, and is also strongly affected by demography
during the establishment phase. The relationship between
allele retention and release number is curvilinear (i.e. it
shows a ‘diminishing return’ for effort, which we assume to
increase linearly with founder number).

We apply the model to a threatened forest passerine, the
mohua, which has been translocated to several offshore
island refuges where introduced predators are absent. We
considered loss of alleles over 20years, a plausible time-
frame for population establishment by mohua. Our results
indicate that retention of moderately rare alleles (g = 0.05)
will require release of more than double the number of
individuals currently used.

Although our results were sensitive to both the number of
individuals released and the growth rate of the population,
managers may have little control over the latter so we
focused on the effects of changing release number. With
our approach, the number of individuals recommended in a
release is dependent on the initial frequencies of the alleles
that one is attempting to preserve. Managers involved in
threatened species reintroductions should evaluate the costs
and benefits of allele retention and protection of evolution-
ary potential. A goal of retaining rare alleles of ¢y < 0.02
will be ambitious in terms of the number of released
individuals required, while choosing the release number to
retain only common alleles (¢o>0.1) could result in the loss
of many rarer alleles that may have an important role in
future adaptability. In the case of the mohua, we suggest an
intermediate goal of retaining moderately rare alleles — those
at an initial frequency of 0.05.

The assumptions associated with our parameter estimates
for mohua were in some cases optimistic. Subjecting simu-
lated populations to increased annual turnover, environ-
mental stochasticity, and a lag in initial population growth,
resulted in lower retention probabilities, although retention
rates appear to be more sensitive to the latter two factors
(see Fig. 2). We did not model variance in reproductive
success due to individual ‘quality’, which would also lead to
greater allele loss. The obvious implication is that immedi-
ate, stable population growth of the reintroduced popula-
tion is highly desirable, and without it the model’s
recommended release numbers may be inadequate.

Reintroduced populations can also be ‘topped up’ by
releasing additional individuals in subsequent years. The
effect of adding new individuals within the first few genera-
tions is roughly equivalent to increasing the initial release
number. If, however, additional individuals are released
after the island population has reached carrying capacity,
the probability of breeding greatly diminishes and
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proportionally more individuals would need to be added to
increase the probability of retaining alleles (Mills & Allen-
dorf, 1996; Grueber & Jamieson, 2008).

As far as we know, this is the first attempt to model
release numbers for reintroductions by taking into account
post-release mortality, population growth rate and carrying
capacity of the release site. Others have attempted to
calculate the number of genetic founders required to main-
tain observed levels of heterozygosity in source populations.
For example, Taylor & Jamieson (2008) calculated that
30 genetic founders (15 breeding pairs) would be enough
to maintain current levels of allelic diversity (estimated
from six microsatellite loci) for island reintroductions of
the South Island saddleback Philesturnus c. carunculatus.
Miller et al. (2009) used a similar approach to investigate the
effect of founder group sizes on loss of heterozygosity in
reintroduced populations of a long-lived reptile, the tuatara
(Sphenodon spp.).

In an attempt to test our model’s predictions, Tracy
(2009) found that small release numbers of 33 and 27 in
two island reintroductions of mohua resulted in the loss of
some rare alleles based on 11 microsatellite loci. However,
the data were limited due to the small sample size of alleles
within each frequency class and possible sampling error at
the source population in particular (only 19 samples), but
they illustrate how these models could be tested. The
collection of DNA samples from translocated individuals
before release could provide baseline data for tracking
changes in genetic diversity relative to the source population
and the extent of genetic drift during the period of popula-
tion establishment (Cardoso et al., 2009). There is increasing
emphasis on post-release monitoring of reintroductions
(Armstrong & Seddon, 2008; Sutherland ez al., 2010), and
identifying low initial survival rates or slow population
growth could signal the need for follow-up translocations
to preserve genetic diversity.

As with all models, the one presented here has its limits.
Our model does not allow for mutation or migration, which
can replenish genetic diversity. Introduction of new alleles
by mutation during the initial stages of reintroduction is
negligible compared with the high rate of allele loss (Frank-
ham, 2005), and most island reintroductions are too far
from mainland populations for natural migration to occur
(Frankham ez al., 2002). Also, we have modelled the reten-
tion of neutral alleles only. The three major types of
selection (directional, balancing and disruptive) could affect
the observed genetic diversity following reintroduction in
various ways. In particular, balancing selection might favor
the retention of rare alleles, yet its effect would have to be
strong to overcome the dispersive force of drift in small
populations (Allendorf & Luikart, 2007).

Finally, our single gene model is of limited value in
relation to loss of genetic variation in quantitative traits,
which retain the ability to respond to selection for longer,
since they only require variation at some portion (even just
one) of their underlying genetic loci. Additionally, these
traits derive variance from epistatic effects and with envir-
onment interactions, to the extent that variance can even
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increase subsequent to bottlenecking (Bryant, McCommas
& Combs, 1986). In summary, our models apply only to
neutral alleles or to alleles that are effectively neutral
because of small effective population size, and also those
alleles that are currently neutral but have the potential to
contribute to fitness differences among individuals under
new environmental challenges (e.g. MHC alleles when
exposed to new pathogens).

Management implications

In the management of mohua and many other threatened
New Zealand birds, it has become standard practice to aim
to catch and release ~30 individuals, as this seems to lead to
population establishment (i.e. consistent population
growth) (Armstrong & McLean, 1995). However, when we
additionally aim to maximize long-term viability and evolu-
tionary potential via preservation of genetic diversity, we see
that in the case of mohua, increasing the number of
individuals released from 30 to 60 individuals would in-
crease the probability of retaining alleles at ¢y = 0.05, by
18% if the growth rate is moderate (4 = 1.3) and by 31% if
growth rate is low (4 = 1.1). Doubling the catching effort
beyond 60 individuals leads to a disproportionately small
benefit in terms of allele retention, unless population growth
is extremely slow or initially delayed for some reason.
Sourcing more than 60 individuals would, however, buffer
against increased initial mortality or slower than expected
population growth. Although releasing more than 60 indi-
viduals might seem excessive for establishing a population,
the extra effort and cost can be justified if it increases the
chances of preserving genetic diversity that has taken
thousands of generations to generate, especially considering
that these reintroduced populations may be the only safe
refuges for a species for a long time to come.

Finally, modifications to the model will be required for
species with different life-history characteristics. For exam-
ple, species with unequal sex ratio among breeders due to
non-monogamous mating systems will lose genetic diversity
more quickly because the effective population size is reduced
(Nunney, 1993). More individuals, therefore, would need to
be released to maintain equal levels of genetic diversity.

Conclusions

The immediate aim of a reintroduction is to relocate
sufficient individuals to establish a new population success-
fully (Fischer & Lindenmayer, 2000; Armstrong & Seddon,
2008). We further suggest that reintroduction programs set
quantitative goals for preserving the genetic diversity of the
source population. Our model translates a particular genetic
goal (e.g. at least 95% chance of retaining an allele with an
initial frequency = 0.05) into a required release number.
Retaining genetic diversity will generally require more
founders than would be needed merely to establish the
population. Adoption of this quantitative framework by
conservation managers can not only assist in the planning
stages of reintroductions, but could also support their case
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that reintroductions and subsequent monitoring needs to be
resourced adequately (Sarrazin & Barbault, 1996; Suther-
land er al., 2010).
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