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■ Abstract Inbreeding depression is of major concern in the management and con-
servation of endangered species. Inbreeding appears universally to reduce fitness, but
its magnitude and specific effects are highly variable because they depend on the genetic
constitution of the species or populations and on how these genotypes interact with
the environment. Recent natural experiments are consistent with greater inbreeding
depression in more stressful environments. In small populations of randomly mating
individuals, such as are characteristic of many endangered species, all individuals may
suffer from inbreeding depression because of the cumulative effects of genetic drift
that decrease the fitness of all individuals in the population. In three recent cases, intro-
ductions into populations with low fitness appeared to restore fitness to levels similar
to those before the effects of genetic drift. Inbreeding depression may potentially be
reduced, or purged, by breeding related individuals. However, the Speke’s gazelle
example, often cited as a demonstration of reduction of inbreeding depression, appears
to be the result of a temporal change in fitness in inbred individuals and not a reduction
in inbreeding depression.

Down, July 17, 1870
My Dear Lubbock,
...In England and many parts of Europe the marriages of cousins are
objected to from their supposed injurious consequences: but this belief
rests on no direct evidence. It is therefore manifestly desirable that the
belief should be either proved false, or should be confirmed, so that in this
latter case the marriages of cousins might be discouraged...

It is moreover, much to be wished that the truth of the often repeated
assertion that consanguineous marriages lead to deafness and dumbness,
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blindness, &c, should be ascertained: and all such assertions could be
easily tested by the returns from a single census.

Believe me,
Yours very sincerely,
Charles Darwin

INTRODUCTION

The detrimental effects of close inbreeding on traits related to fitness have long
been documented in humans and organisms commonly bred by humans (20, 21).
However, the impact of inbreeding upon endangered species was not considered
until 1979 (82), when it was documented that inbreeding lowered the juvenile
survival in 41 of 44 populations of captive ungulates. In a follow-up survey, 36
of 40 captive populations exhibited decreased juvenile viability in inbred ani-
mals, although there was extensive variation among the estimates, and some
populations had statistically nonsignificant inbreeding depression (81). Sup-
porting the ubiquity of inbreeding depression, Lacy (51, p. 331) stated that he
was “unable to find statistically defensible evidence showing that any mam-
malian species is unaffected by inbreeding. Moreover, endangered species seem
no less impacted by inbreeding, on average, than are common taxa.” Even the
cheetah, argued to be already so inbred and low in fitness that further inbreed-
ing would have no effect (75), has been shown to have inbreeding depression
(32, 102). General recognition of the potential negative effect of inbreeding on fit-
ness has made inbreeding depression a concern in small-population conservation
and inbreeding avoidance a priority in captive breeding of endangered species.
Therefore, we concentrate here on reviewing literature concerned with the rela-
tionship of inbreeding depression to conservation, primarily in endangered animal
species.

Thorough reviews have covered various aspects of inbreeding depression such
as the evolution of inbreeding (14, 97) and the purging of inbreeding depression
in plant populations (12). Further, the effect of inbreeding on different categories
of traits has also been considered as, for example, the magnitude and timing of in-
breeding depression in plants (40), inbreeding depression of different fitness com-
ponents or genetic abnormalities (56), and comparison of inbreeding depression for
life-history and morphological traits (22). In addition, some recent reviews have
discussed the amount of genetic variation for fitness components and the factors af-
fecting the mutation-selection balance for these traits (15, 64). The genetic basis of
inbreeding depression has been considered and debated for many years (14a). Re-
cent experimental work is having some success in characterizing the genetic vari-
ation underlying inbreeding depression (23, 42, 83, 103, 104). The ability to map
genes (QTLs) (68) affecting fitness-related traits portends imminent knowledge of
the detailed architecture of genes affecting inbreeding depression, i.e. the number
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and location of the genes, the distribution of their effects and their dominance,
and the interaction (epistasis) of different genes. There has also been discussion
of other theoretical concepts relevant to our review (13, 30, 39, 72, 90, 100). We
suggest that these papers, or references cited in them, be consulted for these and
related topics.

Usually, inbreeding refers to the mating of closely related individuals, and in-
breeding depression is defined as reduced fitness of the offspring of these matings
compared to the offspring of randomly mated individuals. In addition, though,
genetic drift in small populations causing fixation of detrimental alleles can re-
sult in all, or nearly all, individuals in some populations having a lower fitness
than other populations. Because populations of endangered species may be small
in size or may have gone through bottlenecks or founder events, this effect may
be particularly important in conservation. Within a population of an endangered
species, inbred offspring may not have a lower fitness than non-inbred ones (we
use “non-inbred” synonymously with randomly mated or outbred individuals), but
instead all individuals have a lower fitness than the ancestral individuals before
the effect of genetic drift. This type of inbreeding depression generally may be
documented only by crossing to individuals from another population and observ-
ing the fitness of their progeny. Below we discuss a theoretical context for this
phenomenon and describe three recent examples in which populations recovered
fitness as the result of the introduction of outside individuals.

Model organisms can be useful in understanding underlying phenomena in
biology (however, see 31), and this approach may determine unifying patterns in
conservation genetics so that each species does not have to be considered as a
unique case study (26, 28). This goal has recently been advanced by a number of
laboratory experiments related to inbreeding depression using insects, including
Drosophila(5, 6, 25, 28, 60, 61, 71), houseflies (11), flour beetles (78, 79), crickets
(86), and butterflies (88). Many of the insights into inbreeding depression have
come from detailed studies inDrosophila(14, 16, 18, 93).

It appears that inDrosophilaapproximately half the genetic load is from nearly
recessive lethals and half from detrimentals of small effect but with higher dom-
inance (14, 100). However, it is important to ask whether such findings are com-
pletely generalizable to endangered species. Most genetic phenomena, such as
segregation, independent assortment, linkage, mutation, etc., are virtually iden-
tical across species, butDrosophilaand endangered species may differ in some
evolutionary and ecological factors that are important in inbreeding depression.
For example,Drosophila have a very large effective population size, whereas
in many endangered species, genetic drift is quite important either because of a
currently small population size or because of past severe bottlenecks or founder
events.

As a result, a smaller population (with greater genetic drift) may translate into
a different genetic architecture of detrimental variation than that for a larger popu-
lation. In a small, finite population, relative to a large, infinite population, lethals
(and other variants of large detrimental effect) have a lower expected frequency
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because selection will push them to a low frequency and then they will be lost from
the population by genetic drift (17, 74). Similarly, the standing genetic variation
in Drosophilamay be larger than in endangered species and thereby prompt a
pessimistic outlook on the amount of inbreeding depression and an optimistic per-
spective on adaptive potential. In addition, in a small, finite population, genetic
drift becomes a stronger influence on allelic frequency than selection ifs< 1/2N,
wheres is the selective disadvantage of homozygotes andN is the effective popula-
tion size. In small populations, detrimental mutations with a selective disadvantage
less than 1/2N become fixed much as if they were neutral (50, 58, 63, 66). As a re-
sult, fitness may decline over time, and the population may decrease in size so that
detrimental mutants of larger effect become effectively neutral and subsequently
are more likely to be incorporated. This feedback process has been named mu-
tation meltdown and, in theory, may result in the extinction of small populations
(65). It is not clear how significant mutation meltdown may actually be because
extinction probability due to other factors may be high in such small populations
(59); there are, however, examples of apparent fixation of deleterious variants in
some endangered species with small population sizes.

IMPACT OF THE ENVIRONMENT ON LOWERED
FITNESS IN INBRED INDIVIDUALS

The effects of inbreeding on endangered species have generally been examined in
captive populations for which the environment may be less harsh than natural en-
vironments. For example, juvenile survival is generally much higher in captivity
than it is in nature. Estimates of inbreeding depression from captivity or labo-
ratory environments are thought to underestimate or at least to be different than
the effects in a natural environment. Several studies have attempted to evaluate
the effect of inbreeding on fitness in nature to determine the extent of this differ-
ence. It is difficult to have an appropriate experimental design in these instances,
e.g., to replicate populations and have simultaneous controls (however, see 70a).
Nevertheless, these experiments illustrate that inbreeding depression may have a
significant effect on fitness in natural populations (see also 15a).

Jimenez et al (41) examined the survival of adult non-inbred and inbred white-
footed mice (Peromyscus leucopus noveboracensis). Stock for the experiment was
captured from the natural study site near Chicago, Illinois, brought into the lab-
oratory, and bred to produce individuals with inbreeding coefficients of 0.00 or
0.25 (from full-sib matings). Almost 800 mice, nearly equally split between non-
inbred and inbred, were released during three different periods. The area had a
low number of mice during the release, suggesting that the environment was harsh
because of some unknown cause. For the 10 weeks following release, non-inbred
individuals had a higher weekly survivorship at all census times than the inbred
individuals (Figure 1). Using capture-recapture data, the weekly survival of the
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Figure 1 Weekly survivorship of non-inbred (solid line) and inbred (broken line) white footed
mice over 10 weeks in a natural habitat (from 41).

inbred mice was estimated to be 56% that of the non-inbred mice. In addition,
inbred male mice lost significant body mass throughout the experiment, while
non-inbred male mice did not.

The population crash of the wild population of song sparrows (Melospiza melo-
dia) on Mandarte Island, British Columbia, involves a documented case of in-
breeding depression in the wild (49). This population appears to undergo periodic
crashes, probably due to severe winter weather: The decline in 1989 killed 89%
of the adult animals. Because there had been an extensive program to mark in-
dividuals in this population over several generations, the inbreeding coefficient
for most individuals was known before the crash. After the crash, the inbreeding
coefficient for the 10 survivors was 0.0065 (only three had known inbreeding),
whereas the inbreeding coefficient for the 206 birds that died was significantly
higher at 0.0312. All the birds with inbreeding coefficients of 0.0625 or higher
(13% of the population) died during the crash. Later, high inbreeding depression
was shown in the population (48), consistent with the differential survival between
inbred and non-inbred individuals.

Saccheri et al (89) reported that the rate of extinction was negatively corre-
lated with heterozygosity in 42 small populations of fritillary butterflies (Melitaea
cinzia). Over the summer of 1996, seven of these populations went extinct. The
heterozygosity, as determined by seven allozyme loci and one microsatellite locus,
was significantly lower in the populations that went extinct than in the surviving
populations. To avoid the confounding effect of population size on both heterozy-
gosity and extinction, in their statistical analysis, Saccheri et al controlled for
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TABLE 1 (a) A general way to predict the fitness of inbred individuals in a
natural environment based on the relative fitness of inbreds in the captive
environment and the relative fitness of non-inbreds in a natural environment
and (b) an example using the observed relative survival in the white-footed
field mouse (41). Here the observed survival of inbred mice in the natural
environment is much less than that expected.

Population

Environment Non-inbred Inbred

(a) General Captive 1 w I

Natural wN w IwN

(b) Mouse data Captive 1 w I = 0.935
Natural wN = 0.221 w IwN = 0.207

Observed= 0.046

the effect of ecological variables on population extinction. Laboratory studies in-
dicate substantial inbreeding depression in this species from one generation of
full-sib mating (74a, 89). This amount of inbreeding is probably similar to that in
some isolated populations that may have been founded by a single female, a sce-
nario confirmed by extinction risk differences in experimental inbred and outbred
populations (74a).

To quantify the effects of inbreeding in nature, let us assume that the fitness,
or a fitness component, in the captive or laboratory environment for non-inbred
individuals is standardized to be unity. The fitness relative to this in the natural
environment iswN(the effect of the environment), and the fitness relative to that in
the inbred population isw I (the effect of inbreeding). If we assume that the effects
of inbreeding and the environment are multiplicative, then the expected fitness of
the inbred group in the natural environment isw IwN (partaof Table 1). In partbof
Table 1, the data from the white-footed mouse example are given (41); these show
that the survival of non-inbreds in the natural environment relative to the survival
of non-inbreds in captivity is 0.221, and the survival of inbreds in captivity relative
to non-inbreds in captivity is 0.935. Therefore, the predicted survival of inbreds
in nature is 0.207, but the actual observed survival is only 0.046, about 22% of
that predicted, suggesting that inbreds in nature survive much more poorly than
expected.

To demonstrate that inbred individuals are more affected by a natural environ-
ment than expected, it is not enough just to show that inbred individuals have lower
fitness in a natural environment than in a captive one. For example, the approach
given in Table 1 provides a method to compare the predicted joint effects of a
natural or more stressful environment and inbreeding on fitness and the reduction
actually observed. This can also be measured by comparing estimates of the num-
ber of lethal equivalents in the captive and the natural environments (see below).
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Another approach is to test for a significant environment-inbreeding interaction
component in analysis of variance.

The Gila topminnow provides an unusual example of an endangered species
that can be bred and evaluated in captive situations with replicates, simultaneous
controls, and the other attributes that make model organisms useful. The Gila
topminnow is a widely cited example of the importance of genetic variation to
conservation because a sample from Sharp Spring, Arizona, was found to have
both more allozyme variation and a higher value of traits potentially related to
fitness than a sample from Monkey Spring, Arizona (80, 99). Recent studies with
highly variable loci demonstrate that fish from Monkey Spring have substantial
genetic variation (38, 76), but more relevant to our discussion is that measures
of traits related to fitness in fish from different populations were, unlike in the
previous study, quite similar (91). The differences between these studies were not
trivial, and Sheffer et al (91) found that fish from Sharp Spring had neither higher
survival, nor less bilateral asymmetry, nor larger size than did fish from other
populations. In addition, the Sharp Spring sample of wild-caught fish had higher
fecundity than that from the Monkey Spring, but a sample from another site had
somewhat higher fecundity levels still. These fecundity differences disappeared,
however, in the next laboratory-raised generation.

Sheffer et al (91) concluded that the differences were likely attributable to the
laboratory environment used by Quattro & Vrijenhoek (80) in New Jersey being
more stressful than theirs in Arizona. For example, Monkey Spring individuals
experienced eight times as much mortality over the first 12 weeks and ten times as
much bilateral asymmetry in New Jersey as in Arizona. Obviously, ability to cope
with stressors is important for endangered species, but in this case, the stressors in
the New Jersey environment are unknown, and they are probably unrelated to any
stressors that would be encountered in natural populations in Arizona. Differences
in fitness between populations in a stressful laboratory environment suggest that
it would be useful to determine if these differences are also present in natural
environments or if they cause the same effect between non-inbreds and inbreds in
natural environments.

Sheffer et al (92) also examined populations from the four major watersheds
containing Gila topminnows for inbreeding or outbreeding effects on several traits
potentially related to fitness. These laboratory studies produced no evidence of
either inbreeding or outbreeding depression: there was generally high survival,
similar body size, and little bilateral asymmetry for all the inbred and outbred
matings. Similarly, no evidence appeared of inbreeding or outbreeding effects for
fecundity or sex ratio except for the sample from Monkey Spring, which had highly
female-biased sex ratios and low fecundity after one generation of inbreeding.
No evidence of an increase in fitness appeared in crosses between populations,
suggesting there was no evidence of fixation of different detrimental alleles over
the populations. However, as discussed above, in more extreme situations as often
encountered in natural habitats, fitness components may be more influenced than
in laboratory situations.
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In captive breeding programs of endangered species, substantial effort is often
focused on maintaining these species and, as a result, husbandry, diet, understand-
ing of behavior, etc. improve over time. As a result, survival tends to increase
over time even as the inbreeding coefficient increases if the population was started
from a small number of founders. For example, in both the Mexican and red wolf
captive breeding programs (46), a significant increase occurred in the survival of
animals over time (Figure 2). Concurrently, the inbreeding coefficient increased
so that any inbreeding depression might be cancelled out by, or confounded with,
the temporal increase in viability. Similar temporal changes in survival have been
observed in other species (45, 47).

GENETIC RESTORATION OF POPULATIONS
WITH LOW FITNESS

Populations of some endangered species have become so small that they have
lost genetic variation and appear to have become fixed for deleterious genetic
variants. To avoid extinction from this genetic deterioration, some populations may
benefit from the introduction of individuals from related populations or subspecies
for genetic restoration, i.e., elimination of deleterious variants and recovery to
normal levels of genetic variation. Hedrick (34) developed one way to assess the
potential positive and negative effects of introducing individuals from genetically
diverse but geographically isolated populations into apparently inbred populations,
in evaluating the then-proposed genetic restoration of the Florida panther through
the introduction of Texas cougars.

Some of these results are illustrated in Figure 3. First, consider the expected
change in fitness after introduction of a gene causing lower fitness in the endangered
population (bottom line), where the relative fitnesses of genotypesA1A1, A1A2,
andA2A2, are 1, 1, and 0.5, respectively. In this case, the endangered population
is fixed for detrimental alleleA2 and the outside population is fixed for alleleA1.
If there is 20% gene flow from outside in the first generation and 2.5% every
generation thereafter, the fitness quickly improves; before 10 generations, it has
approached the maximum possible for this gene. One concern about this approach
is that any locally adapted alleles may be swamped by gene flow from outside.
To examine this scenario, it was assumed that the fitnesses of the genotypes are
1, 1.2, and 1.2, respectively, the endangered population is fixed for a dominant
advantageous allele, and the outside population is fixed for an allele that is dis-
advantageous in the environment of the endangered population. In this case, the
fitness is only slightly reduced as the result of gene flow (top line), so the advan-
tageous allele is able to maintain itself in spite of gene flow from the outside. If
these two effects are combined (broken line), then the expected fitness increases
over time and approaches the maximum before 10 generations. These findings
appear to be generally robust to the effects of finite population size, variation in
the level of dominance, and other factors (34).
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Figure 2 Viability of non-inbred individuals (open symbols) and inbred individuals
(shaded symbols) for the Mexican (above) and red (below) wolves. The area of the circles
is proportional to the number of individuals, and the fitted line shows the viability as a
logistic function of year of birth (from 46).
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Figure 3 The change in relative fitness in a population over 10 generations with gene flow of
20% in the first generation and 2.5% per generation thereafter from an outside source, and with
selection either causing lowered fitness (genotypesA1A1, A1A2, and A2A2 with fitnesses 1, 1,
and 0.5) or an adaptive advantage (1, 1.2, 1.2), and the overall effect of these two loci (from 34).

Before we discuss several examples of apparently successful genetic restoration,
several cautionary remarks are in order. If safeguards are not employed, introduc-
tion of animals into a population may have immediate detrimental effects on the
population by the introduction of disease or other effects (94). If animals that have
been in captivity are used for the introduction, they may be adapted to captivity
and/or have lost adaptation to the natural environment. Further, introduction may
potentially reduce the overall effective population size (36, 87), and outbreeding
depression (in this case a lower fitness of the F1s and future generations than that
in the parental population) may further reduce the viability of the population.
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Three experiments have suggested that gene flow from outside populations
can restore the fitness of populations that seemed to be suffering from fixation
of detrimental alleles. In these instances, the mean fitness of the F1 individuals
appears to be higher than that of individuals in the impacted population. Exam-
ination of inbreeding depression in these populations before infusion of outside
individuals, using the traditional approach of comparing non-inbred and inbred
offspring, may not reveal inbreeding depression because all individuals are similar
genetically for detrimental alleles. Only by crossing to individuals from outside
the population is the effect of inbreeding depression measurable and the fitness
restored to a level found before the effect of genetic drift (14).

The last remaining population of the Florida panther (Felis concolor coryi) has
a suite of traits that suggests genetic drift has fixed (or nearly fixed) the population
for previously rare and potentially deleterious traits. These traits, which are found
in high frequency only in the Florida panther and are unusual in other puma
subspecies, include a high frequency of cryptochordism (unilateral undescended
testicles), the poorest quality of semen recorded in any felid, kinked tail, and
cowlick (85). In addition, a large survey of microsatellite loci have shown that
Florida panthers have much lower molecular variation than other North American
populations of mountain lions, and much lower variation today than found in
samples from around 1900 (19). The Florida panther has been isolated in southern
Florida since the early 1900s, and the effective population size in recent decades
appears to be 25 or fewer. As a result, a program to release females from the closest
natural population from Texas was initiated in 1995 to genetically restore fitness in
this population (34). The introduced Texas females have bred with resident Florida
panther males, and 14 F1 offspring have been reproduced. Of these, none has a
kinked tail and only one has a cowlick (57). Although the sample size is small,
and cryptochordism and semen quality have not been evaluated, the frequency
of detrimental traits appears to have been greatly reduced. This may become an
important example of genetic restoration.

An isolated population of an adder (Vipera berus) in southern Sweden appears
to have accumulated deleterious traits during a decline in population size to about
10 males in 1992 (70). During this decline, there was very low recruitment, a high
proportion of deformed or stillborn offspring, and very low genetic variability.
Twenty males from another population were captured and released for three years
into the site. In 1996, the first year that new adult male adders were expected to
be observed, there was increased recruitment of F1 individuals (69). The number
continued to increase and in 1999 32 male adders were observed, the most since
1981.

A remnant population of the greater prairie chickens (Tympanuchus cupido
pinnatus) in Illinois provides another example of possible genetic restoration.
The population decreased from around 2000 individuals in 1962 to fewer than
50 in 1994 (101). Fitness, as measured by fertility and hatching rates, declined
over this period, and an estimate of genetic variation in the population was low
compared both to populations from other states (7) and to historical specimens
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from Illinois (8). In 1992, 271 birds were translocated from large populations in
other states; nests monitored after the translocation suggested restored fertility and
hatching rates.

MEASURING INBREEDING DEPRESSION

Several experimental and observational methods have been used to examine the ef-
fect of inbreeding on fitness and its components, and several statistical approaches
have been used to quantify the extent of inbreeding depression. The simplest
method compares the mean value of non-inbred individuals with the mean value
of inbred individuals. This difference is usually standardized by expressing it
as a proportional change in fitnessδ= (wN − w I )/wN . δ has both been called
the coefficient of inbreeding depression and the cost of inbreeding. This statis-
tic is only meaningful when defined so thatw I is expected to be less thanwN

(e.g. measuring viability instead of mortality).
When data exist for multiple levels of inbreeding, the rate of decline in fitness

with increased inbreeding is often of interest, which requires a model of how in-
breeding affects fitness components. If loci causing inbreeding depression interact
independently and additively, then fitness will decline linearly with increased in-
breeding, asw I = wN −bf where f is the inbreeding coefficient. The constantb
can be used to compare the effects of inbreeding across variable levels of inbreed-
ing but not across traits with different magnitudes. A standardized rate of decline
of fitness,b′, is obtained by dividing the rate at which fitness declines by the fit-
ness of non-inbred individuals asb′ = b′/wN or, equivalently, by dividing the cost
of inbreeding by how much inbreeding occurred,b′ = δ/ f (15). For example, if
wN = 80 andw I = 50 for individuals with an inbreeding coefficient of 0.25 (full-
sib or parent-offspring mating), thenδ0.25 = 0.375,b = 120, andb′ = 1.5.

If loci determining fitness have independent, multiplicative effects, then fitness
is expected to decline exponentially with inbreeding asw I =wNe−B f so that where
B = −[ln(w I /wN ]/ f whereB is a constant characteristic of the population for
the given trait (14). This model is most useful for examining the relationship
between inbreeding and viability, in which case 2B is approximately equal to the
number of lethal equivalents affecting viability in a diploid genome (73). The
lethal equivalent is a unit (although commonly used as a statistic) that can be used
to quantify the effects of genes upon survival. One lethal equivalent is defined as a
set of alleles that, if dispersed in different individuals, would, on average, be lethal
in one individual of the group. For example, two alleles, which each cause death
50% of the time, constitute one lethal equivalent. The number of lethal equivalents
in a diploid genome provides a measure of the potential effects of deleterious,
recessive alleles.

A good example of the calculation of 2B is from the white-footed mouse study
(41) in which the survival from birth to weaning at day 20 of non-inbred mice
in captivity was 0.879 and survival of inbred mice (f = 0.25) was 0.822. Thus,
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the estimated number of lethal equivalents in a diploid genome in juvenile mice in
captivity is then 0.54. On the other hand, for the initial three-week release period in
the natural environment, adult survival for non-inbreds was 0.194 and inbreds was
0.040. Using these data, the estimated number of lethal equivalents is 12.64 in the
natural environment. This also illustrates the extreme environmental dependence
of inbreeding depression in this case.

Although linear and exponential relationships between fitness and inbreeding
are conceptually different, they predict similar response of fitness for low to mod-
erate amounts of inbreeding. For example, if the cost of full-sib mating equals its
median estimate among mammals of 0.32 (81), then both models predict a similar
response of fitness to inbreeding from values off less than 0.375.

In captive populations of endangered species, there are often various inbreeding
categories, and generally least squares linear regression has been used to estimateB
(81, 95). However, this approach does not work when there have been no survivors
in a given inbreeding class because the logarithm of zero is undefined. As a result,
a “small sample size correction” has been used to circumvent this problem (95),
although this correction introduces a bias in the estimation procedure. To avoid this
bias, Kalinowski & Hedrick (43) advocated using a maximum likelihood approach,
which does not necessitate a small sample size correction.

An obstacle to measuring inbreeding depression in endangered species is the
tendency for modern captive breeding programs to unintentionally reduce the
statistical power to measure inbreeding depression (44). By preferentially pairing
unrelated individuals, the distribution of inbreeding coefficients in a population that
is managed to maximally preserve genetic variation will narrow until all individuals
have approximately the same inbreeding coefficient. When this occurs, data from
subsequent births will provide little additional information on the relationship
between fitness and inbreeding.

Measuring the effect of inbreeding requires estimating inbreeding coefficients
and a measure of fitness for a set of individuals. Estimating inbreeding coefficients
for most populations is difficult because it generally requires knowing the pedigree
of the individuals (1). Furthermore, calculating inbreeding coefficients from pedi-
grees requires specifying a degree of relatedness among founders of the pedigree.
When no information is available, founders are usually assumed to be non-inbred
and unrelated. If these assumptions are not true then inbreeding coefficients within
the pedigree may be underestimated. Only captive populations generally have good
enough pedigree information to calculate inbreeding coefficients. but in a few wild
populations in which parents are known for several generations, good estimates of
inbreeding coefficients have been obtained (49, 98).

Highly variable loci appear to provide an approach to estimating relatedness that
does not require pedigree data (84). The heterozygosity at 29 microsatellite loci
was determined in captive gray wolves with inbreeding coefficients known from
pedigree information (24). The relationship of the average observed heterozygosity
for these loci andf is given in Figure 4. The linear regression (solid line) explains
67% of the variation and is highly statistically significant. With this baseline,
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Figure 4 The relationship between individual average heterozygosity at 29 microsatellite
loci in captive Scandinavian gray wolves. The straight line is the regression of individ-
ual heterozygosity on inbreeding coefficient, and the broken line indicates the expected
relationship betweenH and f assuming thatH = 0.75 between unrelated wolves (from
24).

Ellegren (24) evaluated the level of inbreeding in a sample of 13 of the 60 to
70 wild wolves left in Sweden. He found that the mean heterozygosity for the
same loci in the wild wolves is 0.52, suggesting that their average inbreeding
coefficient is around 0.2 to 0.3. In fact, one wild wolf had a heterozygosity of only
0.25, lower than the most inbred captive wolf examined. In addition, estimates
of relatedness (67) of the wild wolves revealed pairs that appeared to be closely
related, consistent with the suggestion that some of the wolves surveyed had high
inbreeding coefficients.

Inbreeding depression may not be detected for several reasons, none of which
indicates that inbreeding depression is absent from the population or species. First,
the effects of inbreeding are generally examined in only one or a few components of
fitness. Lack of inbreeding depression for juvenile survival does not mean there is
no inbreeding depression for fecundity or mating success, or that different fitness
components do not interact to reduce overall fitness. Second, often inbreeding
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depression is examined in a captive situation in which the environment may be
more benign, or at least different, than in a natural environment. As a result,
there may be no detectable inbreeding depression in the given environment, but
there may be an effect in a different or a natural environment. Third, there may
not be the statistical power to detect biologically important inbreeding depression.
This can be the result of either small sample size or the structure of the pedigree
in which many individuals have similar inbreeding coefficients.

Kalinowski et al (46) found no detectable evidence for inbreeding depression
in captive populations of Mexican and red wolves, although there is substan-
tial evidence for inbreeding depression in the highly inbred Scandinavian wolves
(54, 55). However, they were able to obtain substantial data for only two fitness-
related traits, juvenile survival and litter size, and all the animals were in captive
environments. Further, although the sample sizes for juvenile viability were 251
and 688 animals in the Mexican and red wolf samples, respectively, there was low
statistical power to demonstrate the absence of inbreeding depression because of
the structure of the pedigrees(44). It is important to report such “negative” results
(along with their limitations), or the overall perspective of the extent and pattern
of inbreeding depression may become biased. The potential presence of undocu-
mented inbreeding depression in the Mexican wolf captive breeding program was
an important motivation for combining the three independent (and inbred) lineages
of Mexican wolves into one population (37). The inclusion of the two other lin-
eages into the captive breeding program resulted in increased genetic diversity (by
increasing the number of founders from 3 to 7) and may overcome any reduction
of fitness that may have resulted from fixation of detrimental alleles within the
lineages.

Interpretation of experimental results requires an understanding of the many
statistical pitfalls associated with phenotypic data in inbred populations. The is-
sues that should be addressed in experimental design and data analysis are com-
plex, and it is important to be cautious in the analysis and interpretation of most
data (see 68 for a detailed review). For example, the phenotype of individuals in
multigenerational studies can be influenced by environmental trends. Plant stud-
ies may avoid this problem by storing seeds from each generation, then raising
them contemporaneously in a common environment (4). When this approach is
not possible, an alternative is to infer environmental effects by contemporaneously
observing a large, randomly mating control population. With these data, the mean
phenotype of inbred lineages can be adjusted to compensate for the changing ef-
fects of the environment. Another possible way to minimize this potential effect
is to examine multiple levels of inbreeding in one environment at one time. In
addition, statistical examination of phenotypes must account for the dependence
of the phenotype of sequential samples upon their predecessors, decreasing vari-
ance for phenotypic traits caused by loss of genetic variation, and variation in the
genetic comparison of the individuals that founded lineages. Lynch (62) main-
tains that these issues require a reliable study to have a large number of replicate
populations.
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PURGING INBREEDING DEPRESSION—EVIDENCE
AND SIGNIFICANCE

After Ralls et al (82) documented inbreeding depression, there was a general effort
to avoid inbreeding in the management of captive populations. However, inbreed-
ing is unavoidable in populations founded from a small number of individuals as
were many captive populations of endangered species. Templeton & Read (95)
proposed to eliminate (purge) inbreeding depression through carefully controlled
breeding and selection, a program that they claimed was successful in a captive
population of the endangered Speke’s gazelle. The original captive Speke’s gazelle
population was descended from three females and one male, which were; there-
fore, soon faced with unavoidable half-sib or parent-offspring matings. Mating
pairs for the Speke’s gazelle population were selected for three years; the second
and third generations of inbred births had significantly higher viability than did
the first generation of inbred gazelles. It appeared that inbred gazelles with inbred
parents had higher survival than inbred gazelles with non-inbred parents, sug-
gesting reduction of inbreeding depression because of past inbreeding. Although
purging has not become an accepted strategy for managing small populations, the
Speke’s gazelle captive breeding program has remained a prominent case study in
the inbreeding depression and conservation biology literature and is widely cited
as a successful example (77).

Several authors have questioned Templeton & Read’s evaluation on a variety
of grounds (26, 33, 51, 105, but see 96). Most recently, Kalinowski et al (47) ar-
gued that the evidence for selection reducing inbreeding depression in the Speke’s
gazelle breeding program is based on a mischaracterization of when viability in-
creased. Previous analyses compared the viability of the first generation of inbred
births (born to non-inbred parents) with the viability of the second and third gen-
erations of inbreeding (born to non-inbred parents). These analyses assumed that
the observed increase in viability occurred after selection had operated on the first
generation of inbred gazelles. In contrast, Kalinowski et al (47) showed that the
viability of inbred births actually increased during the first generation of inbreed-
ing, before selection could have been detected. More specifically, inbred gazelles
with no ancestral inbreeding born prior to 1976 had low viability, whereas similar
gazelles born in 1976 or later had higher viability. In addition, the second gener-
ation of inbred gazelles (inbred gazelles with inbred parents), which could have
benefited from selection in the previous generation, had a viability similar to the
first generation of inbred gazelles born after 1975.

One way to illustrate this temporal change is to categorize gazelles by year of
birth and parental inbreeding coefficient (Figure 5). The offspring of non-inbred
gazelles born before 1976 (curve Ia) have significant inbreeding depression, but the
offspring of non-inbred gazelles born in or after 1976 have no significant inbreeding
depression (curve Ib). As reported by Templeton & Read (95), the offspring of
inbred gazelles (curve II), most of which were born in or after 1976, do not have
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Figure 5 Observed (circles) and fitted (curved lines) viability in Speke’s gazelles categorized by
year of birth (before 1976, or in and after 1976) and parental inbreeding coefficient (non-inbred
or inbred parents). Offspring of non-inbred gazelles born before 1976 (curve Ia, vertically lined
circles), offspring of non-inbred gazelles born after 1976 (curve Ib, horizontally lined circles), and
offspring of inbred gazelles (curve II, open circles) are given (from 47).

significant inbreeding depression. Thus, in the last half of the period examined, the
offspring of neither non-inbred nor inbred gazelles exhibit inbreeding depression.
In other words, inbred gazelles born in or after 1976 do not have reduced viability,
whether or not their parents are inbred. In addition, simulation of the Speke’s
gazelle pedigree suggests that it is very unlikely that inbreeding depression could
be eliminated in this short time period (47). In other words, it appears that the
Speke’s gazelle captive breeding program is a better example of the complexity of
inbreeding depression, apparently related to unknown changes in the environment
over time, than of purging. In either case, the Speke’s gazelle captive breeding
illustrates that populations with significant inbreeding depression can successfully
be founded from a small number of individuals if their reproductive potential is
large enough. Significantly, in a recent examination of the potential effects of
purging in 17 mammalian species (2), a nonsignificant reduction in inbreeding
depression in the updated Speke’s gazelle captive population was found, and the
inbreeding depression in the Speke’s gazelle was the highest of any of species
analyzed.

Since the Speke’s gazelle captive breeding program fueled interest in purging
as a conservation strategy, experimental work has examined the purging process
in detail. Much of the work has centered on plants and has been thoroughly
reviewed (12). Some experimental studies have closely examined the response of
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inbreeding depression to multiple generations of selection, and in several insect
model systems, there appears to have been a rebound in fitness (10, 25, 88). In a 10-
generation study of inbreeding depression inPeromyscus(53), three subspecies
differed in response. In general, fitness measures declined in each subspecies
during the first generation of inbreeding. Subsequent generations of inbreeding
were accompanied by improvements for one of the subspecies, another subspecies
showed consistent decreases in fitness with subsequent inbreeding, and in the third
subspecies, inbreeding depression was exacerbated by further inbreeding.

In endangered species that have low reproductive potential, deliberate inbreed-
ing to purge inbreeding depression is a risky strategy because the added reduction
in fitness from inbreeding may result in extinction. Even if the population survives,
detrimental alleles may become fixed permanently, lowering the population fitness;
genetic variation for other loci may be lost (33, 100). Minimizing inbreeding is the
only currently accepted method for minimizing inbreeding depression. This can
be accomplished in several related ways. The effective size of a population can
be increased by increasing its census size or by minimizing any of the ways a real
population departs from the Wright-Fisher ideal population (35). In addition, the
typical genetic goal in management of captive populations has been to minimize
loss of genetic variation (and inbreeding). Most modern captive breeding pro-
grams with pedigreed populations have adopted maximization of genetic diversity
(measured by expected heterozygosity) as their primary genetic goal (3), with the
implicit assumption that this will restrict inbreeding to an acceptable level. This
is accomplished by selecting individuals to mate whose offspring minimize the
average relatedness of the population.

CONCLUSIONS

Influence of inbreeding on fitness-related traits in endangered species and other
organisms appears to be variable over populations, traits, and environments. Be-
cause endangered species generally have small population sizes and may have gone
through bottlenecks, the genetic characteristics of inbreeding depression may dif-
fer in endangered species from more cocies, and they may have lower numbers
of lethals contributing to the genetic load. Or, the effects of genetic drift may
be present in only some endangered species, resulting in a greater variation over
populations or species in the characteristics of inbreeding depression than in more
common species.

The effects of inbreeding on fitness vary over species. Some of this variation is
due to chance, including variation in number of lethal equivalents in the founders
(52), but much of it may be due to different mean levels of inbreeding depression
over the species, traits, or environments examined. For example, a low inbreeding
coefficient of 0.03125 appeared to have an effect in houseflies (9), whereas in some
experiments withDrosophila, an inbreeding coefficient of 0.7 was necessary to
have an impact (27). Therefore, it is problematic to predict the expected effect of
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inbreeding on fitness in an unexamined endangered species. However, the perspec-
tive provided here should give a context to evaluating inbreeding depression and
suggest that its effects are generally likely to be more than first observed, rather
than less.

Unless there is a high genetic load, detecting inbreeding depression in endan-
gered species may be difficult in both natural and captive environments because
of low statistical power, relatively benign conditions in captive environments, and
inability to examine all aspects of fitness. Therefore, even if there is no statis-
tical evidence for inbreeding depression, it is prudent to assume it is present. If
it is assumed not to be present, then inbreeding may result in a loss of fitness
that could have been avoided. On the other hand, just because there is inbreeding
depression or low fitness because of past fixation from genetic drift, one should
not give up on the population. For populations with low fitness, recent exam-
ples have shown that introduction of individuals from outside can genetically
restore the fitness of the population. For populations with high inbreeding de-
pression, sometimes alleles with large detrimental effects may be purged both
in theory (33, 100) and in laboratory experiments with model insects. However,
the oft-cited example of reduced inbreeding depression in the Speke’s gazelle is
most parsimoniously explained by a change in survival of inbred animals over
time.

One of the early guidelines in captive breeding of endangered species to avoid
inbreeding depression was based on the observation that “animal breeders accept
inbreeding coefficients as high as a one percent increase per generation (i.e. an
effective population size of 50) in domestic animals without great concern” (29).
It was assumed that such slow inbreeding allows selection to remove deleterious
alleles without endangering the population. However, a number of endangered
species with successful breeding programs have had quite low founder numbers,
e.g. Speke’s gazelle with 4, Przewalski’s horse with 13, black-footed ferret with
6, etc. Just because the numbers are low does not mean we should not make all
attempts to save a species. All the surviving individuals have the unique charac-
teristics of the species, and eventually the population number may be high enough
to overcome the detrimental effects of the initial population size restriction. How-
ever, Wang et al (100), who have explored theoretically the effects of the nature
of the mutational load, reproductive capacity, and the organization of the genome,
demonstrate that when the effective size is 50, fitness generally declines because
of genetic fixation of detrimental alleles.
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