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Abstract

Inbreeding depression is a major force affecting the evolution and viability of small popu-
lations in captive breeding and restoration programmes. Populations that experience small
sizes may be less susceptible to future inbreeding depression because they have been
purged of deleterious recessive alleles. We review issues related to purging, as they apply
to the management of small populations, and discuss an experiment we conducted exam-
ining purging in populations of mosquitofish (Gambusia affinis). Purging is an important
process in many small populations, but the literature contains a diversity of responses to
purging both within and among studies. With the exception that slow inbreeding results
in more purging and less threat to population viability, there seem to be few consistent
trends that aid in prediction of how a purging event will affect a population. In our exam-
ination of purging on population viability in mosquitofish, single or multiple bottlenecks
do not appear to have resulted in any purging of the influence of genetic load on population
growth. Rather, serial bottlenecks resulted in a marked decline in population growth
and an increase in extinction. Our results, taken together with those of reviewed studies,
suggest that in small populations there is great uncertainty regarding the success of any
single purging event in eliminating inbreeding depression, together with the high like-
lihood that purging will depress population viability through the fixation of deleterious
alleles. In management of captive breeding and restoration programmes, the common
practice of avoiding inbreeding and small population sizes should be followed whenever
possible.
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Introduction

Small numbers of individuals are a common feature of many
captive breeding programmes. Even when adequate resources
exist to house a large number of individuals, typically only
a few individuals are available to establish a population.
Likewise, once the captive population has grown sufficiently
to allow for re-introduction of individuals back into the
wild, often only small numbers are used in any single release.
As the number of individuals in a population decrease,

matings between relatives become more common than would
be expected in larger populations. Inbreeding depression,
and the resulting reduction in mean population fitness, is
considered a major threat to the viability of many small
populations (Frankham 1995a; Saccheri et al. 1998; Hedrick
& Kalinowski 2000; Spielman et al. 2004).

Inbreeding exposes deleterious, recessive alleles to selec-
tion by increasing genomic homozygosity (see Box 1 for a
review of some of this terminology). In a process referred
to as purging, selection decreases the frequency of dele-
terious recessive alleles in a population, reducing future
inbreeding depression (Fu et al. 1998; Crnokrak & Barrett
2002). In a review of investigations evaluating purging
across a wide range of taxa, Crnokrak & Barrett (2002)
found a pronounced reduction in inbreeding depression.
Purging has influenced discussions of conservation prac-
tices in several ways. Because a purged population would
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Box 1 Some explanations of terminology for readers 
unfamiliar with genetics

Inbreeding: inbreeding can be defined in a number of
ways (Keller & Waller 2002; Glémin 2003). In general,
we refer to inbreeding as the increasing probability of
relatedness among mating individuals that occurs
in small populations. This is sometimes referred to
as panmictic inbreeding or inbreeding by drift (see
Glémin 2003). Inbreeding can also refer to cases where
the relatedness of mates is higher than the average
relatedness between random members of a population.
We refer to inbreeding due to such nonrandom mating
as systematic inbreeding.

Inbreeding depression, fitness, and population viabil-
ity: inbreeding depression typically refers to the
reduced fitness of offspring of related individuals rela-
tive to the fitness of offspring of randomly mated indi-
viduals. Fitness is defined as the relative ability of
different genotypes to contribute individuals to the next
generation. Most empirical studies of inbreeding
depression measure surrogates of fitness such as brood
size or longevity. As the average level of relatedness
increases among members of a population, the mean
population fitness, or the average values of fitness sur-
rogates, decline. In small populations, at risk of extinc-
tion due to stochastic factors, declines in mean fitness
can result in decreased population viability. Here we
define population viability as the probability that a
population will persist in the face of extinction threats
over a given time period.

Genetic load and purging: all populations have a
genetic load, which can be defined as the relative dif-
ference between the average fitness of a population’s
members and the fitness of the most fit genotype. The
process of purging reduces a population’s genetic
load by reducing the frequencies of deleterious recessive
alleles. As these recessive alleles become homozygous,
they are exposed to selection, reducing their frequency
in the population. As the recessive alleles are eliminated
from the population, they have a reduced effect on
genetic load.

Recessive alleles, dominant alleles, and dominance:
fully recessive alleles are those that only have an
influence on phenotypes when present as homozy-
gotes. Fully dominant alleles have a strong influence
on phenotype and mask the presence of recessive

alleles. Partial dominance occurs when the  effects of the
recessive allele on the phenotype are only partially
masked by the effects of the dominant allele. Inbreeding
depression is due to dominance or partial dominance
when reduced fitness in offspring of relatives is the
result of an increase in the homozygosity of deleterious
recessive alleles. When homozygotes of recessive alleles
are only slightly less fit than other genotypes, we refer
to the alleles as being slightly or mildly deleterious.
Homozgyotes for lethal recessive alleles have no fitness
relative to other genotypes.

Overdominance: when heterozygous genotypes have
a higher fitness than homozygous genotypes, it is
referred to as overdominance. When overdominance
is influencing phenotypes, inbreeding depression is
caused by a reduction in the frequency of heterozygous
genotypes as the result of inbreeding.

Small populations and brief bottlenecks: small popu-
lations are populations of a finite size in which matings
between related individuals are likely to occur. It is
impossible to provide a threshold between large and
small populations, as the relationship between popula-
tion size and accumulation of homozygosity due to
mating between relatives is continuous. Furthermore,
several factors in addition to population size affect
the accumulation of homozygosity due to inbreeding.
For example, an unequal sex ratio or a high variance in
reproductive success among members, might result in
a population accumulating homozygosity faster than
would be expected for a given population size (see Leberg
2005 for a review). The population size of an ideal,
randomly mating population that would accumulate
homozygosity at the same rate as the population of
interest is sometimes referred to as the inbreeding
effective population size. This distinction between
effective and actual population sizes is not important to
our discussion as it is the occurrence of a finite number
of individuals in a population that creates the possibility
for the accumulation of homozygosity and the oppor-
tunity for purging by drift. The smaller the number
of individuals, the greater the likelihood that mating
between related individuals will affect mean fitness.
When we refer to brief bottlenecks, we are referring
to temporary reductions of populations to very small
numbers of individuals (often between 2 and 20 indi-
viduals in the studies we reviewed). These bottlenecks
were brief in that these small population sizes were
typically maintained for only one to three generations.
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experience reduced inbreeding depression, purging has
been suggested as one possible tool in the management
of endangered species in captive breeding programmes
(Templeton & Read 1983; Laikre et al. 1993; Fu et al. 1998;
Swindell & Bouzat 2006a). A history of small population
sizes and associated inbreeding has been used to explain
a lack of inbreeding depression in some populations
(Zschokke & Baur 2002; Duarte et al. 2003; Windig et al.
2004). Such populations might be less susceptible to future
reductions in population size than populations with higher
levels of deleterious alleles, reducing the need for managers
to focus on genetic considerations. Purged populations
might also be good choices for re-introduction programmes,
as newly established populations would be unlikely to
suffer from inbreeding depression (Leberg 1990a; Craig
et al. 2000). However, other findings suggest purging may
be an ineffective means of eliminating inbreeding depres-
sion and might result in adverse consequences for small
populations (Hedrick 1994; Ballou 1997; Fu et al. 1998;
Kalinowski et al. 2000; Wang 2000).

There is uncertainty about how purging might influence
inbreeding depression and viability of small populations
found in many captive breeding and restoration pro-
grammes. Our first objective is to briefly review several
issues that could affect how small populations, resulting
from captive breeding and wildlife releases, respond to
purging. There have been other reviews of purging-related
issues (see Crnokrak & Barrett 2002 and Keller & Waller
2002 for an introduction to this literature); we focus on
general issues that should help guide our understanding
of how inbreeding depression in animal populations could
be altered by management practices. Our second objective
is to present some results from an experiment assessing
whether past bottlenecks reduce the susceptibility of
fish populations to additional close inbreeding. While such
experiments have been conducted with insect models,
few have assessed the influence of small population size on
subsequent viability of vertebrate populations. This study
builds on our limited knowledge of the effect of purging
on the viability of vertebrate populations in complex
environments similar to those often encountered during
re-introduction attempts.

The genetic basis of inbreeding depression

The genetic basis for inbreeding depression is of critical
importance in determining whether purging will occur
in small populations (Hedrick 1994; Wang et al. 1999). The
general assumption is that inbreeding depression is due to
some combination of recessive alleles with a range of mild
to lethal effects, and overdominance, where heterozygote
genotypes have the highest fitness (Keller & Waller 2002).
More rarely discussed is the role of gene interactions in
inbreeding depression, although epistasis is thought to

influence the efficiency of purging (Templeton & Read
1984; Wang et al. 1999).

Theory and models predict that recessive alleles that are
lethal or strongly deleterious should be rapidly purged
from small populations (Hedrick 1994; Fu et al. 1998; Wang
et al. 1999). In such cases, fitness of inbreeding populations
is expected to recover after an initial decline (Fig. 1). If,
however, inbreeding depression is due to many mildly
deleterious recessives or overdominance, purging will be
inefficient or impossible, because the frequencies of mildly
deleterious alleles will be more strongly affected by drift
than by selection (Hedrick 1994). Strong selection against a
lethal allele at one locus can also interfere with selection
against less deleterious alleles at nearby loci (Keller &
Waller 2002). Furthermore, in small populations, drift can
generate associations between unlinked loci that also make
selection inefficient (Wang et al. 1999). Clearly, predicting
how small populations are going to respond to inbreeding
in captive and restoration programmes requires know-
ledge of the genetic basis of inbreeding depression.

Unfortunately, we know little about the genetic basis of
inbreeding depression in most natural populations; how-
ever, there appears to be a general consensus that deleteri-
ous recessives are more important than overdominance
(Crnokrak & Barrett 2002; Keller & Waller 2002; Kristensen
& Sørensen 2005). In laboratory experiments, populations
often exhibit responses to purging that suggest most inbreed-
ing depression is due to highly deleterious recessives
(Bryant et al. 1990; Ribble & Millar 1991; García et al. 1994;
Saccheri et al. 1996; Swindell & Bouzat 2006a). However,
other laboratory studies indicate purging is at best only

Fig. 1 Possible effects of purging on fitness. Complete purging of
genetic load, as might be expected with highly deleterious alleles,
results in a recovery of fitness after a period of reduced fitness.
Partially effective purging might occur in small populations when
highly deleterious alleles are successfully purged but slightly
deleterious alleles become fixed through drift. Ineffective purging
would be expected in cases where inbreeding depression was due
to overdominance or many slightly deleterious recessives
(modified from Crnokrak & Barrett 2002).
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partially effective at eliminating inbreeding depression
(Frankham et al. 1993; Fowler & Whitlock 1999; van
Oosterhout et al. 2000; Radwan 2003; Pederson et al. 2005),
suggesting that inbreeding depression is due to other
genetic mechanisms such as overdominance or mildly
deleterious recessives. Often a striking amount of variation
occurs in response to inbreeding among populations within
the same study or experimental treatment (Lacy et al. 1996;
Saccheri et al. 1996; Fowler & Whitlock 1999; Reed et al.
2003; Armbruster & Reed 2005). Because we know almost
nothing about the genetic basis of inbreeding in most wild
populations except that the severity of inbreeding depres-
sion differs widely (see Hedrick & Kalinowski 2000), and
because responses vary so much among replicates in labor-
atory investigations of purging, predicting the extent of
purging in small captive and wild populations is difficult.

Environment and purging

Environmental factors that decrease the relative fitness
of homozygotes of deleterious recessives should make
purging more efficient. Inbreeding depression is often
more severe in stressful than in nonstressful environments
(see Hedrick & Kalinowski 2000; Armbruster & Reed 2005),
but not always (Keller & Waller 2002). Experiments that
have examined purging in different environments have
often found that purging might be more successful under
stressful or competitive conditions (Latter et al. 1985;
Bijlsma et al. 1999, 2000; Swindell & Bouzat 2006b). More
importantly, in terms of conservation, purging of some
alleles may only be effective in the environment in which
purging occurred (Bijlsma et al. 1999, 2000; Reed & Bryant
2001; Armbruster & Reed 2005). Alleles that become fixed
in one environment during purging might have deleterious
effects in other environments. Thus, purging that occurs
in small captive populations might diminish individual
viability if individuals are released in a restoration
programme.

Environmental variation can play another role in assess-
ing the efficiency of purging by giving the appearance of
purging when little loss of deleterious recessives may have
occurred. If populations are becoming adapted to captive
conditions, or if husbandry is being improved, fitness
might improve in spite of, rather than because of, addi-
tional inbreeding (Kalinowski et al. 2000). Crnokrak &
Barrett (2002) point out that a similar problem might occur
in some laboratory investigations of purging, but doubt
that such adaptation was responsible for much of the
reduction in inbreeding observed in their review.

Response to different levels of inbreeding

Theory and models predict that slow rates of inbreeding
should result in more efficient selection against deleterious

recessives than strong inbreeding (Hedrick 1994; Fu et al.
1998). Small populations experiencing high rates of
inbreeding, also experience high rates of drift that interferes
with selective changes in allele frequencies and could result
in the fixation of deleterious alleles (Hedrick 1994). As
population sizes become very small, only highly deleterious
or lethal recessives are likely to be purged (Fu et al. 1998;
Wang et al. 1999). Most experimental investigations confirm
that slow rates of inbreeding, as found in larger populations,
purge genetic load more efficiently than rapid inbreeding
(Latter et al. 1985; Ehiobu et al. 1989; Bijlsma et al. 2000; Day
et al. 2003; Pederson et al. 2005; Swindell & Bouzat 2006c),
although the difference between fast and slow inbreeding
may depend on environment (Swindell & Bouzat 2006b).
Day et al. (2003) found that slow inbreeding was more likely
to allow populations to retain environmental responsiveness
than more intense inbreeding.

Whether inbreeding occurs because of reduced population
size or through systematic inbreeding makes a difference
in the efficiency of purging to reduce inbreeding depres-
sion. In the first case, purging is due to drift; matings occur
between relatives based on chance alone (Glémin 2003).
This purging by drift is effective under a much narrower
range of conditions than under a systematic inbreeding
scheme. Swindell & Bouzat (2006a) used a systematic mat-
ing scheme, maximizing ancestral inbreeding over current
inbreeding, and observed effective purging in Drosophila.
Under both systematic inbreeding and drift forms of
purging, recessive alleles can be purged; however, partially
recessive alleles can only be purged under systematic
inbreeding (Glémin 2003). Purging under systematic
inbreeding was more effective in large populations than
small ones, unless alleles were highly deleterious. For the
more common case of purging by drift, purging is only
effective for lethal or highly deleterious alleles that are fully
recessive. Purging mildly deleterious recessives by drift
would be ineffective at very large or small populations;
highest effectiveness was observed at populations contain-
ing several hundred individuals in the examples provided
by Glémin (2003). The increased efficiency of purging with
slow inbreeding and relatively large population sizes
poses a paradox, as the smallest captive populations, often
proposed as the subject of intentional purging, are those in
which purging is least likely to be successful.

Purging and brief bottlenecks

Brief bottlenecks of only a few generations, followed by
population expansions, provide another potential oppor-
tunity for purging. Short bottlenecks are probably more
common in captive breeding and restoration programmes
than are prolonged periods of small population size. Short
periods of inbreeding should be sufficient to purge highly
deleterious recessives, while minimizing the fixation of
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minor deleterious alleles through drift (Fu et al. 1998).
Bryant (1990) reported recovery of fitness-related traits to
prebottleneck levels in laboratory populations subjected to
serial bottlenecks with intervening periods of population
expansion. Saccheri et al. (1996) demonstrated similar
recoveries in populations following single generation
bottlenecks.

The duration and size of bottlenecks influence purging.
Substantial inbreeding depression, and thus purging, is
unlikely in short bottlenecks with effective population
sizes > 10 (Kirkpatrick & Jarne 2000). Miller & Hedrick
(2001) report more efficient purging when populations are
allowed to recover to larger sizes between bottlenecks than
when populations remain small. Comparing populations
that had passed through a single bottleneck and continu-
ously small populations experiencing the same level of
inbreeding, Reed & Bryant (2001) found more recovery of
fitness in lines that had experienced a single bottleneck.
Day et al. (2003) found that inbreeding depression resulting
from brief, serial bottlenecks was more similar to that
resulting from continuous rapid inbreeding than the more
effective continuous, slow inbreeding. These results sup-
port the suggestion that lethal recessives can be purged
with only a short period of inbreeding and that prolonging
inbreeding does not increase the effectiveness of purging.

Although purging is observed after some bottlenecks, in
many studies, fitness measures do not recover to prebottle-
neck levels (Miller & Hedrick 2001; Reed & Bryant 2001;
Day et al. 2003; Meffert et al. 2006). Bryant et al. (1999) and
Reed & Bryant (2000) found that while populations experi-
encing serial bottlenecks did not recover fitness lost during
the first bottleneck, subsequent bottlenecks had little addi-
tional effects on fitness. Failure to recover fitness com-
pletely is most likely due to deleterious alleles becoming
fixed in the population during bottlenecks (Hedrick 1994;
Kirkpatrick & Jarne 2000). Variance in purging success
among replicate populations from the same bottleneck
treatments is often large, suggesting that the stochastic
changes in the genetic composition associated with bottle-
necks are important in influencing purging efficiency
(Saccheri et al. 1996; Miller & Hedrick 2001). This uncer-
tainty created by the bottleneck process will complicate
any attempt to predict how any managed population
might respond to a severe reduction in size.

If past bottlenecks are important to purging, natural
populations that were isolated and exposed to previous
bottlenecks might be good candidates for captive breeding
or restoration programmes (Leberg 1990a; Craig et al.
2000). However, because effective purging is only likely
under a relatively small set of conditions (an isolated
population, with slow inbreeding, and with inbreeding
depression due to relatively few highly deleterious reces-
sives), the influence of purging is probably quite limited in
many natural populations (Keller & Waller 2002). In some

cases, isolated or partially isolated populations that may
have experienced past bottlenecks exhibit reduced inbreed-
ing depression (Visscher et al. 2001; Zschokke & Baur 2002;
Duarte et al. 2003; Windig et al. 2004). Still, many small,
isolated populations have significant levels of inbreeding,
suggesting that little purging has occurred (Keller & Waller
2002; Keller et al. 2002). For example, Brewer et al. (1990)
and Lacy et al. (1996) found little difference in inbreeding
depression between island and mainland populations of
mice Peromyscus polionotus, suggesting that the expected
purging had not occurred in the insular population. One
of two mainland populations did experience a fitness
rebound, but the insular lineage, with a greater history of
bottlenecks, appeared to lack response to further efforts to
purge inbreeding depression (Lacy & Ballou 1998). In this
lineage, fitness measures declined with additional inbreed-
ing, raising the possibility that the components of genetic
load remaining after bottlenecks had purged deleterious
recessives of large effect and were not subject to additional
purging. Although the generality of this finding is unclear,
some populations that experienced past bottlenecks might
be more rather than less sensitive to future inbreeding.

Purging and population viability

Usually conservation biologists are more concerned about
the implications of purging for population viability rather
than how inbreeding depresses individual fitness. In
this regard, problems occur with using inbreeding as a
management tool. Populations may go extinct during the
purging process (Hedrick 1994; Fu et al. 1998; Wang et al.
1999; Wang 2000), especially in very small populations
undergoing intensive inbreeding or experiencing stressful
conditions (Frankham 1995b; Bijlsma et al. 2000; Radwan
2003). Reed et al. (2003) concluded that reducing the rate
of inbreeding might improve the efficiency of purging
slightly, but not enough to prevent compromising population
viability. Even if a population survives purging, its future
viability may be compromised. Deleterious but nonlethal
alleles can become fixed in inbred populations (Hedrick
1994; Fu et al. 1998). Using simulation modelling, O’Grady
et al. (2006) found that inbreeding, despite the possibility
of purging, could strongly affect the extinction risk of wild
populations.

Loss of overall levels of genetic variation due to drift
during periods of inbreeding may reduce a population’s
potential to adapt to changing environmental conditions. If
inbreeding depression in a small population is due to many
mildly deleterious alleles, loss of variation at other loci due
to drift might be reduced (see Wang et al. 1999). However,
if inbreeding depression is due to a few highly deleterious
alleles, losses of variation at other loci will be increased
with purging (Wang et al. 1999). Experiments suggest that
purged populations may experience reduced ability to
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adapt to new conditions (Bijlsma et al. 2000; Reed & Bryant
2000). Reductions in the potential of populations to adapt
to new conditions should be of special concern to managers
of captive populations.

Purging and the recovery of fish populations

Several studies using insect models have suggested that
bottlenecks might reduce the effects of inbreeding on
population viability (e.g. Bryant et al. 1990; Saccheri et al.
1996), but this is not always the case (Day et al. 2003). The
extent to which laboratory cultures of insects provide a
reasonable means for examining the effects of purging in
vertebrate species is unclear because large brood sizes
might increase the viability of populations during
purging (Hedrick 1994; Wang et al. 1999). This concern has
prompted several investigations using insect models to
limit brood sizes to better mimic purging that might occur
in vertebrates with small brood sizes (e.g. Backus et al.
1995; Bryant et al. 1999; Reed & Bryant 2000). However,
because the majority of captive breeding and restoration
programmes involve vertebrates, there is a need to explore
the influence of purging on the viability of vertebrate
populations.

We have been investigating responses of populations of
western mosquitofish (Gambusia affinis) to reductions in
population size and environmental challenges. While this
species has a high reproductive capacity, median brood
sizes (≈7) in our mesocosms are closer to other vertebrates
than to laboratory insects. Here, we summarize results
from part of an experiment examining whether purging,
resulting from severe bottlenecks, affects the growth and
viability of populations. We know that recovery from
bottlenecks of populations of the eastern mosquitofish
(Gambusia holbrooki), a sibling species of G. affinis, is strongly
affected by the relatedness of individuals at the time of
the bottleneck, and that this response is seen in complex
mesocosm environments (Leberg 1990b). We examined
differences in the success of populations founded with
siblings and nonsiblings among populations with different
histories of bottlenecks. If purging that occurred during
bottlenecks reduced inbreeding depression, differences in
the growth and reproduction of populations founded with
siblings and nonsiblings would be smallest in lineages that
had experienced a history of severe bottlenecks.

Methods

One advantage of using Gambusia in investigations of
population recovery is that studies can be conducted in
large (2-m dia.), outdoor mesocosms. These mesocosms
represent replicated aquatic environments with natural
predators and prey; they are not covered and no supple-
mental feeding is necessary (Leberg 1990b, 1993; Spencer

et al. 2000). Mesocosms are best considered to be quasi-
natural environments, as fish are exposed to a more com-
plex environment than organisms in most laboratory studies;
however, mesocosms lack many components of natural
habitats. This experimental arena provides less control
and replicability than laboratory studies using insects;
however, it offers an opportunity to examine responses
of vertebrate populations under conditions more akin to
those experienced in re-introduction programmes.

Stocks used in this experiment originated from a common
source (Spencer et al. 2000). Virgin offspring were utilized
to establish all experimental populations. Founders for
experimental populations, as well as populations experi-
encing past bottlenecks, were generally selected at random
from available adults; however, we did not use individuals
with large morphological deformities. Six populations were
established with the offspring of fish maintained in a large
outbred stock that had experienced no bottleneck. Six
populations experienced a bottleneck of a single pair of
individuals. A serial bottleneck treatment consisted of
12 initial populations that experienced four bottlenecks
before our experiment: 1 female and 2 male siblings, 1 male
and 2 females (nonsibs), 4 females and 1 male (nonsibs),
and 1 pair of siblings. Different sizes of these four bottle-
necks reflected limitations in the numbers of individuals
in some of the smallest surviving lines. Only 2 of the 12
original lineages were available for use in our experiment;
the others had gone extinct, either failing to reproduce or
producing too few offspring to establish populations in
subsequent years. After each bottleneck, populations were
allowed to expand for four generations, reaching sizes of
up to 300 individuals.

In our experiment, the six populations in both the control
and single bottleneck treatments were each represented by
two mesocosms, one of which was founded by siblings.
Each of the two lineages in the serial bottleneck treatment
was represented in 12 mesocosms (half founded by siblings).
We treated each lineage experiencing serial bottlenecks as
a separate treatment, but because the mean responses of
the two lineages were never significantly different (P > 0.10
in all cases), we discuss them together here. We assessed
differences in population growth by measuring population
size after the populations had grown for approximately
two generations. Size is a reasonable surrogate for growth
because all replicates were established at the same time and
with the same number of founders.

We tested the null hypothesis that there would be no
differences in population growth among bottleneck history
treatments based on relatedness of founding individuals. If
purging had an effect on inbreeding depression, we would
expect a significant interaction between bottleneck history
and founder relatedness on population growth, with the
differences in growth of populations founded with siblings
and nonsiblings being the smallest in the serial bottleneck
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treatment. Because some founders failed to successfully
establish populations and we were unsure that the cause of
failure was related to the experimental treatments, we com-
pared estimates of population size for all populations and
for only populations with successful reproduction. Failure
to reproduce during the 2 months of our experiment was
not the result of the experiment being too short to observe
reproduction. Pools that contained only a pair of fish at
the end of the experiment held no additional fish when
surveyed 6 months later.

Results and discussion

Successful reproduction occurred in only 33 of the
48 mesocosm populations. Regardless of whether we
considered all populations or only those with successful
reproduction, the populations experiencing four previous
bottlenecks were much smaller than the populations that
experienced fewer bottlenecks (P < 0.001, Fig. 2). There
was no significant difference in population size between
populations experiencing zero or one previous bottlenecks
(P > 0.700 in all comparisons). This observation of reduced
population recovery after multiple bottlenecks would be
predicted if severe bottlenecks led to fixation of deleterious
alleles. There is no evidence that populations that had
been through bottlenecks had been purged of deleterious
recessives to the point that their growth approached those
of the controls.

When considering all populations (Fig. 2, top), there was
no significant effect of founder relatedness on population
size. However, in the analysis of populations with repro-
duction, populations founded with siblings were smaller
than those founded with nonsiblings (P = 0.036; Fig. 2,
bottom). Thus, population growth was influenced by
relatedness of population founders, as was observed in
Gambusia holbrooki (Leberg 1990b). The purging hypothesis
would predict that the difference between the growth of
populations founded by siblings and nonsiblings should
decrease with the number of past bottlenecks. There was,
however, no evidence of an interaction between history
of bottlenecks and relatedness of founding individuals
(P = 0.658).

History of bottlenecks had a large effect on the failure
of founders to establish populations (P = 0.027; Fig. 3).
Success for founders from lineages with a history of multi-
ple bottlenecks was lower than for founders from popu-
lations with no past history of bottlenecks or that had
experienced one past bottleneck. Apparently, fixation of
deleterious alleles increased susceptibility to extinction
in populations that experienced multiple bottlenecks.
However, relatedness of founders had no effect on the like-
lihood that founders established populations (P = 0.723;
Fig. 3), and there was no interaction between founder relat-
edness and history of bottlenecks on reproductive success

of founders (P = 0.126; Fig. 3). Sibling founders did not
have significantly reduced success establishing populations
relative to nonsiblings in any treatment, so the purging
hypothesis could not be evaluated with regard to
reproductive failure.

Both population recovery and the ability of founders to
establish populations were affected by a history of serial
bottlenecks. While both our study and Leberg (1990b)
found that Gambusia populations founded with siblings
grew more slowly than populations founded with nonsibs,
we found that the effects of founder relatedness on popu-
lation growth and extinction were much smaller than the
effect of past bottlenecks. Single past bottlenecks tended to
have little effect on population size or reproductive success
of population founders. Only multiple severe bottlenecks
had a large effect on population viability, suggesting that
the accumulation of relatedness resulting from bottlenecks
might have a threshold effect on population viability
(Frankham 1995b).

Fig. 2 Mean population sizes of treatments with different levels of
past bottlenecks. Black and white bars represent populations
founded with siblings and nonsiblings, respectively. The top
graph is for all populations (n = 48), the bottom graph is for
populations that had > 2 individuals (n = 33). The number of
replicates in each treatment is shown above the error bars, which
represent one standard error.
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Effects of inbreeding were not reduced in populations
that had experienced multiple bottlenecks, indicating that
purging had not reduced inbreeding depression. Purging
is expected to take place within the first few generations
of intense inbreeding (Fu et al. 1998), so we should have
detected purging if it had occurred. Our results do not sup-
port the prediction that populations that have experienced
bottlenecks will be less susceptible to future inbreeding
depression than more outbred populations.

Regardless of whether purging effectively alters inbreed-
ing depression of individual viability in captive breeding
programmes or in the laboratory, the use of inbreeding as
a management tool may increase extinction risk. This
problem was evident in 45% of the populations that had
experienced multiple bottlenecks and never grew beyond
their initial number of founders. Furthermore, the extinc-
tion of 84% of the populations that we attempted to use in
our four bottleneck treatment suggests that bottlenecks,
and associated inbreeding and fixation of alleles, are major
threats to the viability of these fish populations.

Conclusions

Several factors affecting the effectiveness of purging may
have been responsible for the lack of purging in Gambusia
populations, including a high component of mildly
deleterious alleles or overdominance contributing to
inbreeding depression, an insufficiently stressful selective
environment, and drift overwhelming selection. More
importantly for the management of small populations, our
populations that experienced multiple bottlenecks appear
to have become fixed through time for alleles that may not
be lethal but still affect individual reproduction or survival.

Once fixation occurs during a bottleneck, further inbreeding
cannot remove these alleles through selection.

Purging is an important evolutionary force in small
populations (Crnokrak & Barrett 2002). There are, how-
ever, too many unknowns concerning the genetic basis
of inbreeding depression in most species, the stochastic
effects associated with bottlenecks, and variation in the
efficiency of purging in different environments to suggest
using purging in the management of small populations
(Hedrick & Kalinowski 2000; Wang 2000). Because purging
is unpredictable, the negative effects of inbreeding depres-
sion are best avoided by the traditional approaches of
minimizing the severity and duration of population bottle-
necks and the use of captive breeding designs that avoid
matings between close relatives.

Acknowledgements

We thank the Leberg laboratory for their help in the field and for
valuable criticisms. The manuscript also benefited from the cri-
tiques of three anonymous reviewers. This work was supported
by the US Department of Energy, NSF Grant DEB-9907567, the
Department of Defense, and the University of Louisiana’s Center
for Ecology and Environmental Technology (CEET). We thank the
symposium organizers, T. Smith and L. Bernatchez, for their
support and efforts.

References

Armbruster P, Reed DH (2005) Inbreeding depression under
benign and stressful conditions. Heredity, 95, 235–242.

Backus VL, Bryant EH, Hughes CR, Meffert LM (1995) Effects of
migration on inbreeding followed by selection on low-founder
number populations: implications for captive breeding programs.
Conservation Biology, 9, 1216–1224.

Ballou JD (1997) Ancestral inbreeding only minimally affects
inbreeding depression in mammalian populations. Journal of
Heredity, 88, 169–177.

Bijlsma R, Bundgaard J, Van Putten WF (1999) Environmental
dependence of inbreeding depression and purging in Drosophila
melanogaster. Journal of Evolutionary Biology, 12, 1125–1137.

Bijlsma R, Bundgaard J, Boerema AC (2000) Does inbreeding affect
the extinction risk of small populations? Predictions from
Drosophila. Journal of Evolutionary Biology, 13, 502–514.

Brewer BA, Lacy RC, Foster ML, Alaks G (1990) Inbreeding
depression in insular and central populations of Peromyscus
mice. Journal of Heredity, 81, 257–266.

Bryant EH, Meffert LM, McComas SA (1990) Fitness rebound in
serially bottlenecked populations of the house fly. American
Naturalist, 136, 542–549.

Bryant EH, Backus VL, Clark ME, Reed DH (1999) Experimental
tests of captive breeding for endangered species. Conservation
Biology, 13, 1487–1496.

Craig J, Anderson S, Clout M et al. (2000) Conservation issues in
New Zealand. Annual Review of Ecology and Systematics, 31, 61–
78.

Crnokrak P, Barrett SCH (2002) Purging the genetic load: a review
of the experimental evidence. Evolution, 56, 2347–2358.

Fig. 3 Percentage of founder pairs that successfully established
populations with different histories of past bottlenecks. Black and
white bars represent populations founded with nonsiblings and
siblings, respectively. The number of replicates in each treatment
is shown above the error bars, which represent one standard
error.



342 P.  L .  L E B E RG  and B .  D .  F I R M I N

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

Day SB, Byrant EH, Meffert LM (2003) The influence of variable
rates of inbreeding on fitness, environmental responsiveness,
and evolutionary potential. Evolution, 57, 1314–1324.

Duarte LC, Bouteiller C, Fontanillas P, Petit E, Perrin N (2003)
Inbreeding in the greater white-toothed shrew, Crocidura russula.
Evolution, 57, 638–645.

Ehiobu NG, Goddard ME, Taylor JF (1989) Effect of rate of
inbreeding on inbreeding depression in Drosophila melanogaster.
Theoretical and Applied Genetics, 77, 123–127.

Fowler K, Whitlock MC (1999) The variance in inbreeding depres-
sion and the recovery of fitness in bottlenecked populations.
Proceedings of the Royal Society of London. Series B, Biological
Sciences, 266, 2061–2066.

Frankham R (1995a) Conservation genetics. Annual Review of
Genetics, 29, 305–327.

Frankham R (1995b) Inbreeding and extinction: a threshold effect.
Conservation Biology, 9, 792–799.

Frankham R, Smith GJ, Briscoe DA (1993) Effects on heterozy-
gosity and reproductive fitness of inbreeding with and without
selection on fitness in Drosophila melanogaster. Theoretical and
Applied Genetics, 86, 1023–1027.

Fu YB, Namkoong G, Carlson JE (1998) Comparison of breeding
strategies for purging inbreeding depression via simulation.
Conservation Biology, 12, 856–864.

García N, Lopez-Fanjul C, García-Dorado A (1994) The genetics of
viability in Drosophila melanogaster: effects of inbreeding and
artificial selection. Evolution, 48, 1277–1285.

Glémin S (2003) How are deleterious mutations purged? Drift
versus nonrandom mating. Evolution, 57, 2678–2687.

Hedrick PW (1994) Purging inbreeding depression and the
probability of extinction: full-sib mating. Heredity, 73, 363–
372.

Hedrick PW, Kalinowski ST (2000) Inbreeding depression in
conservation biology. Annual Review of Ecology and Systematics,
31, 139–162.

Kalinowski ST, Hedrick PW, Miller PS (2000) Inbreeding
depression in the Speke’s gazelle captive breeding program.
Conservation Biology, 14, 1375–1384.

Keller LF, Waller DM (2002) Inbreeding effects in wild populations.
Trends in Ecology & Evolution, 17, 230–241.

Keller LF, Grant PR, Grant BR, Petren K (2002) Environmental
conditions affect the magnitude of inbreeding depression in
survival of Darwin’s finches. Evolution, 56, 1229–1239.

Kirkpatrick M, Jarne P (2000) The effects of a bottleneck on
inbreeding depression and genetic load. American Naturalist,
155, 154–167.

Kristensen TN, Sørensen AC (2005) Inbreeding — lessons from
animal breeding, evolutionary biology and genetics. Animal
Science, 80, 121–133.

Lacy RC, Ballou JD (1998) Effectiveness of selection in reducing the
genetic load in populations of Peromyscus polionotus during
generations of inbreeding. Evolution, 52, 900–909.

Lacy RC, Alaks G, Walsh A (1996) Hierarchical analysis of inbreed-
ing depression in Peromyscus polionotus. Evolution, 50, 2187–
2200.

Laikre L, Ryman N, Thompson EA (1993) Hereditary blindness in
a captive wolf (Canis lupus) population: frequency reduction of
a deleterious allele in relation to gene conservation. Conservation
Biology, 7, 592–601.

Latter BDH, Mulley JC, Reid D, Pascoe L (1985) Reduced genetic
load revealed by slow inbreeding in Drosophila melanogaster.
Genetics, 139, 287–297.

Leberg PL (1990a) Genetic considerations in the design of intro-
duction programs. Transactions of the North American Wildlife and
Natural Resources Conference, 55, 609–619.

Leberg PL (1990b) Influence of genetic variability on population
growth: implications for conservation. Journal of Fish Biology,
37A, 193–195.

Leberg PL (1993) Strategies for population reintroduction: effects
of genetic variability on population growth and size. Conserva-
tion Biology, 7, 194–199.

Leberg PL (2005) Genetic approaches for estimating the effective
size of populations. Journal of Wildlife Management, 69, 1385–
1399.

Meffert LM, Regan JL, Hicks SK, Mukana N, Day SB (2006) Testing
alternative methods for purging genetic load using the housefly
(Musca domestica L.). Genetica, 128, 419–427.

Miller PS, Hedrick PW (2001) Purging of inbreeding depression
and fitness decline in bottlenecked populations of Drosophila
melanograster. Journal of Evolutionary Biology, 14, 595–601.

O’Grady JJ, Brook BW, Reed DH et al. (2006) Realistic levels of
inbreeding depression strongly affect extinction risk in wild
populations. Biological Conservation, 133, 42–51.

van Oosterhout C, Zijlstra WG, van Heuven MK, Brakefield PM
(2000) Inbreeding depression and genetic load in laboratory
metapopulations of the butterfly Bicyclus anynana. Evolution, 54,
218–225.

Pederson KS, Kristensen TN, Loeschcke V (2005) Effects of
inbreeding and rate of inbreeding in Drosophila melanogaster —
Hsp70 expression and fitness. Journal of Evolutionary Biology, 18,
756–762.

Radwan J (2003) Inbreeding depression in fecundity and inbred
line extinction in the bulb mite, Rhizoglyphus robini. Heredity, 90,
371–376.

Reed DH, Bryant EH (2000) Experimental tests of minimum viable
population size. Animal Conservation, 3, 7–14.

Reed DH, Bryant EH (2001) Genetic load, fitness, and their rela-
tionship to purging in experimental populations of the housefly.
Conservation Genetics, 2, 57–61.

Reed DH, Lowe EH, Briscoe DA, Frankham R (2003) Inbreeding
and extinction: effects of rate of inbreeding. Conservation Genetics,
4, 405–410.

Ribble DO, Millar JS (1991) Inbreeding effects among inbred and
outbred laboratory colonies of Peromyscus maniculatus. Canadian
Journal of Zoology, 70, 820–824.

Saccheri IJ, Bakerfield PM, Nichols RA (1996) Severe inbreeding
and rapid fitness rebound in the butterfly Bicyclus anyana
(Satyridae). Evolution, 50, 2000–2013.

Saccheri I, Kuussaari M, Kankare M. et al. (1998) Inbreeding
and extinction in a butterfly metapopulation. Nature, 392,
491–494.

Spencer CC, Neigel JE, Leberg PL (2000) Experimental evaluation
of the usefulness of microsatellite DNA for detecting demo-
graphic bottlenecks. Molecular Ecology, 9, 1517–1528.

Spielman D, Brook BW, Frankham R (2004) Most species are
not driven to extinction before genetic factors impact them.
Proceedings of the National Academy of Sciences, USA, 101, 15261–
15264.

Swindell WR, Bouzat JL (2006a) Ancestral inbreeding reduces the
magnitude of inbreeding depression in Drosophila melanogaster.
Evolution, 60, 762–767.

Swindell WR, Bouzat JL (2006b) Selection and inbreeding depres-
sion: effects of inbreeding rate and environment. Evolution, 60,
1014–1022.



P U R G I N G  I N  S M A L L  P O P U L AT I O N S 343

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

Swindell WR, Bouzat JL (2006c) Reduced inbreeding depression
following a history of slow inbreeding in Drosophila melanogaster.
Journal of Evolutionary Biology, 19, 1257–1264.

Templeton AR, Read B (1983) The elimination of inbreeding
depression in a captive herd of Speke’s gazelle. In: Genetics
and Conservation (eds Schonewald-Cox CM, Chambers SM,
MacBryde B, Thomas WL), pp. 241–261. Benjamin/Cummings
Publishing Company, Menlo Park, California.

Templeton AR, Read B (1984) Factors eliminating inbreeding
depression in a captive herd of Speke’s gazelle. Zoo Biology, 3,
177–199.

Visscher PM, Smith D, Hall SJG, Williams JL (2001) A viable herd
of genetically uniform cattle. Nature, 409, 303.

Wang J (2000) Effects of population structures and selection strat-
egies on purging of inbreeding depression due to deleterious
mutations. Genetical Research, 76, 75–86.

Wang J, Hill WG, Charlesworth D, Charlesworth B (1999)
Dynamics of inbreeding depression due to deleterious mutations

in small populations: mutation parameters and inbreeding rate.
Genetical Research, 74, 165–178.

Windig JJ, Veerkamp RF, Nylin S (2004) Quantitative genetic vari-
ation in an island population of the speckled wood butterfly
(Pararge aegeria). Heredity, 93, 450–454.

Zschokke S, Baur B (2002) Inbreeding, outbreeding, infant growth,
and size dimorphism in captive Indian rhinoceros (Rhinoceros
unicornis). Canadian Journal of Zoology, 80, 2014–2023.

This work is an extension of Paul Leberg’s studies of the effects of
demographic bottlenecks on the components of genetic diversity
and on population viability. Currently, he and his students are
studying the effects of fragmentation on genetic structure of avian
populations. The experimental results represent a portion of the
thesis research of Brigette Firmin. She is currently working on conserva-
tion and regulatory issues with the US Fish and Wildlife Service.


