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JONATHAN D. BALLOU

Inbreeding and Outbreeding Depression in the
Captive Propagation of Black-Footed Ferrets

Captive propagation is a powerful tool in aiding the survival of en-
dangered and threatened species (Conway 1980; Martin 1975). In re-
cent years, new techniques for long-term genetic and demographic
management have been developed (Dresser 1984; Flesness 1977; Foose
1983; Ralls and Ballou 1983). It is clear that in the case of the black-
footed ferrets the priorities are demographic rather than genetic. As the
captive population grows, however, genetic considerations will become
more important.

This chapter discusses two genetic considerations important to the
survival of the captive ferret population: inbreeding and outbreeding
depression. Because both could significantly affect survival and re- .
production in other captive populations, they should be addressed in -
the development of a black-footed ferret captive-breeding plan.

w ot taes -

Inbreeding Depression

The deleterious effects of inbreeding on both reproductive and survival
characteristics have been well documented in a large variety of domestic,
laboratory, and captive populations. Wright’s (1922) analysis of the ef-
fects of inbreeding in guinea pigs probably remains the most extensive
study of inbreeding effects to date. During 18 years of experimental
inbreeding of guinea pig colonies for the Department of Agriculture,
Wright (1977) documented reduction in size and frequency of litters, a
decrease in the proportion of animals born alive and reared to 3 months
of age, and a decrease in birth weight and weight at 3 months of age
(Wright 1977). Similar results have been shown in cattle (Young et al.
1969), pigs (McPhee et al. 1931), rabbits (Chai 1969), dogs (Wildt et al.
1982), and many other domestic animals (Ralls and Ballou 1983).

49




50 Jonathan D. Ballou

Few data are available on the effects of inbreeding in mustelids. Al-
though inbreeding in domestic ferrets is a concern (Marshall, pers.
comm.), data on the effects are not available. Johansson (1961) con-
ducted inbreeding experiments on ranch-bred Swedish mink (Mustela
vison). Mink ranches in Sweden have traditionally developed their mink
populations from small numbers of wild-caught animals. This ap-
proach, in addition to selective breeding for coat color, has resulted in
high levels of inbreeding in the ranch mink populations. Crossings be-
tween different strains, however, may have restored levels of hetero-
zygosity. Despite the previous inbreeding in the population, additional
inbreeding of these ranch-bred mink still resulted in reduced sur-
vivorship, reproduction, and litter size and was severe enough to cause
extinction by the fourth generation in the experimental inbred lines
(Fig. 5.1).

Ignformation on the effects of inbreeding in nondomestic species
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Figure 5.1. The decrease in survival and litter size in inbred mink. The mean effect of
inbreeding in 8 lines of inbred mink at 4 mink ranches over 4 generations is shown as a
percentage of the outbred control. Lines at 3 of the 4 ranches went extinct after the 2d
generation, and the last lines survived only to the 3d. The number of offspring produced
by the outbred controls and the 1st, 2d, and 3d inbred generations were 2,549, 157,99, and
25, respectively (Johansson 1961).
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comes primarily from breeding and pedigree records of captive popula-
tions. Ralls and her colleagues (1983) summarized the effects of in-
breeding on juvenile and infant mortality in 44 mammalian populations
from 7 orders, 21 families, and 36 genera. Forty-one of the 44 popula-
tions had higher inbred than noninbred Jjuvenile mortality (p = 0.001;
Fig. 5.2). Significant differences between inbred and noninbred mor-
tality rates within populations were found in only 14 (31%) of the popu-
lations. Small sample sizes of most of the populations surveyed limited
the statistical power of analyses (see below). Nevertheless, the results are
clearly indicative of a general trend in the deleterious effects of inbreed-
ing on captive mammalian populations. Numerous other studies sup-
port these conclusions (Templeton and Read 1983; Shoemaker 1982;
Buisman and van Weeren 1982; Roberts 1982).

Studies on the effects of inbreeding in natural populations are scarce.
Packer (1979) found reduced survival in baboon offspring from related
parents; and evidence for inbreeding depression has been found in the
great tit (Bulmer 1973).

Data from studies correlating the level of inbreeding on mortality and

JUVENILE MORTALITY (%)

SPECIES RANKED BY NON-INBRED MORTALITY RATE

Figure 5.2. Inbred (shaded) and noninbred mortality rates in 44 different mammalian
populations (Ralls and Ballou 1983). The populations are ranked by theijr noninbred
mortality rates. The numbers represent total sample sizes in each population. The arrows
represent the 3 populations that show higher (nonsignificant) noninbred mortality rates
(from left to right: four-striped rat, kudu, and pig-tailed macaque).
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52 - Jonathan D. Ballou

reproductive characteristics in domestic species show an approximate
10 to 20% decrease in fitness with each 10% increase in inbreeding. Ralls
et al. (1988) examined the correlation between inbreeding coefficients
and mortality in 40 different captive populations. The mortality rates
associated with different levels of inbreeding were calculated and re-
gressed on the inbreeding coefficients within each of the populations.
This method was analogous to that used by Templeton and Read (1984)
in analyzing inbreeding effects in Speke’s gazelle (Gazella spekei). The
severity of the inbreeding effect (the number of lethal equivalents
[Morton et al. 1956]) could then be estimated by the rate at which mor-
tality increased with the increasing inbreeding coefficient (the slope of
the regression). In addition, a predicted mortality rate for any specified
level of inbreeding could be calculated using the estimated regression
equation.

Figure 5.3 illustrates the distribution of the predicted increase in
mortality associated with an inbreeding coefficient of 10% for the 40
populations surveyed (Ralls et al. 1988). Although the effect of inbreed-
ing on early mortality was highly variable, a 10% increase in inbreeding
caused an average 10% decrease in survival; 50% of the populations had
predicted decreased levels of survival between 3% and 15%. Figure 5.4
shows the predicted relationship between inbreeding coefficients and
survivorship for the median and the upper and lower quartiles of the
distribution.

These figures probably underestimate the inbreeding effects that oc-
cur in wild populations. In captivity, weak inbred animals that benefit
from veterinary care might be expected to have lower mortality rates
than inbred animals in the wild. Nevertheless, these results iflustrate the
potential effect inbreeding can have on mortality rates in captive mam-
mal populations, as well as the variation in responses to inbreeding
within different populations.

The loss of heterozygosity due to inbreeding can be directly corre-
lated with fitness components such as survival and reproduction in cap-
tive populations with known pedigrees. In populations without ped-
igrees, evaluating the potential effects of the loss of heterozygosity is
much more difficult. Evidence of inbreeding depression in these popu-
lations is indirectly inferred from studies on the relationship between
heterozygosity and fitness. If such a positive relationship does exist, the
loss of heterozygosity due to inbreeding, genetic drift, or other factors
will result in a population with lower fitness.

Several studies show that there is a general, though not universal,
positive relationship between heterozygosity and various fitness compo-
nents (survivorship, disease resistance, growth and developmental rate,
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Figure 5.3. The predicted change in survival associated with an inbreeding level of 0.10 in
40 mammalian populations (Ralls et al. 1988).
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Figure 5.4. The predicted relationship between inbreeding and mortality in 40 mam-
malian populations (Ralls et al. 1988). The median, upper, and lower quartile effects of the
distribution of 40 populations are shown. °
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reproductive rates, and developmental stability) in invertebrate and ver-
tebrate populations (Allendorf and Leary 1986; Mitton and Grant
1984). Although Allendorf and Leary (1986,73) discuss several minor
interpretational problems and complications common to many of these
studies, they conclude that “there are many well-documented examples
of advantages of heterozygotes in several components of fitness. There
are fewer examples of disadvantages . . . Thus we conclude that, in gen-
eral, there is a positive relationship between heterozygosity and fitness.”

Inbreeding data from domestic animals and captive populations, as
well as the evidence for a general relationship between heterozygosity
and fitness, indicate that inbreeding and the loss of genetic diversity can
have potentially disastrous effects on the survival of small populations
near extinction. This can be illustrated for ferrets by observing the result
of additional mortality due to inbreeding on estimates of black-footed
ferret minimum viable population (MVP) sizes (Brussard and Gilpin,
chap. 4, Harris et al., chap. 6, Gilpin and Soule 1986). Although the
development of MVP estimates is beyond the scope of this chapter, a
consideration in such estimates is the amount of time it takes a popula-
tion of specified characteristics to go to extinction (MacArthur and
Wilson 1967). A ferret population of effective size 5 will have an average
10% increase in inbreeding each generation. Data from captive popula-
tions (Fig. 5.4) show that the average increase in mortality associated
with an inbreeding level of 10% is also 10%. Groves and Clark (1986)
calculate times-to-extinction for black-footed ferret populations with
carrying capacities of 40 and 50 (Table 5.1). This table conveniently
illustrates the effects of increasing the death rates (x) in 10% increments.
Times-to-extinction are reduced exponentially with each 0.10 increase
in u, or each 10% increase in inbreeding.

Increased inbreeding and the decrease of heterozygosity, with its as-
sociated inbreeding depression, act to suppress population growth
through a reduction in survivorship and fecundity. The reduction in
growth and population size further increases the amount of inbreeding.
Such an “inbreeding vortex” can easily drive an already small, fragile
population to extinction (Gilpin and Soule 1986). Clearly, inbreeding
and the loss of genetic diversity must be considered in the management
of a captive breeding program for black-footed ferrets.

Two genetic mechanisms are involved in the reduction of fitness due
to inbreeding. One is that as a population becomes increasingly inbred
and more homozygous, deleterious recessive alleles are unmasked and
expressed. The reduced fitness caused by the deleterious alleles is called
“mutational load.” The second mechanism is overdominance, or hetero-
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Table 5.1. Effects of Increased Death Rates
on the Time-to-Extinction in Black-Footed
Ferret Populations

Carrying  Birth-  Death
Capacity rate Rate Time-to-Extinction

1.0 x 1015
3.0 x 107
1.0 x 103
8.0 x 1018
5.0 x 109
1.0 x 104

40

50

Lo M oo

Source: Groves and Clark 1986,
Note: The implications of an additional 10% mortality due
to inbreeding on the survival of the ferret populations can

be seen as an exponential decline in the time-to-extinction as
death rates increase.

zygote superiority. Heterozygous loci may, for a variety of reasons, have
higher fitness than homozygous loci (Mitton and Grant 1984). Such loci
are called “heterotic” loci. In inbred populations, there is a reduction in
the frequency of heterozygous loci and a reduction in any associated
benefit. This type of reduction in fitness is called “segregational load.”
Both mutational and segregational load contribute to inbreeding de-
pression, with the depression associated with deleterious alleles being
perhaps the more important of the two (Allendorf and Leary 1986).

The severity of inbreeding depression is a function of the amount of
mutational and segregational load carried by that population. Popula-
tions clearly vary in the amount of load they carry (Fig. 5.2), as evidenced
by the large variety of responses to inbreeding in the populations sur-
veyed by Ralls et al. (1988).

Populations with a previous history of inbreeding might be expected
to carry less of a mutational load than outbred populations. In the
absence of genetic drift, selection against deleterious alleles will quickly
reduce the mutational load with even slight levels of inbreeding. How-
ever, segregational load will be reduced at a slower rate and remain
fixed in populations that become homozygous. Outbreeding popula-
tions accumulate both mutational and segregational load and have high
levels of inbreeding depression when inbred. On the other hand, natu-
rally inbreeding populations or populations that have passed through
bottlenecks might be expected to have low levels of inbreeding depres-
sion when further inbred. The lack of inbreeding depression in popula-
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tions that have a history of inbreeding is documented in domestic
(Lasley 1978) and laboratory (Musialek 1980) animal populations, as
well as in studies of human populations (Rao and Inbaraj 1980).

A viable approach to population management, therefore, might be to
purge the genetic load from populations not previously exposed to
inbreeding. Such a program, however, could have disastrous conse-
quences on the survival of small, endangered populations.

The cost of successfully purging a population of its genetic load can be
prohibitive. The increased mortality and reduced fecundity incurred
during the process of exposing the mutational and segregational loads
to selection in small, inbred lines are often severe enough to cause ex-
tinction. In efforts to produce successful inbred lines, Bowman and
Falconer (1960) found that only 1 of 20 lines of mice survived intense
inbreeding. The same results have been shown repeatedly in both labo-
ratory populations (Lorenc 1980) and populations founded with wild-
caught individuals (Lynch 1977; Soule 1980). The odds of successfully
purging the genetic load from a single, small population of an en-
dangered species are dangerously low.

Additionally, inbred lines that do survive are often less fit than their
outbred counterparts. This is because the segregation load may remain
in the inbred, homozygous population, even though the mutational load
is absent. Reproduction and survival may be reduced, and the popula-
tion may become much more susceptible to outbreaks of disease and
environmental stochasticity. A case in point is the cheetah (Acinonyx
jubatus). O’'Brien et al: (1983, 1985) found that the cheetah has ex-
tremely low levels of genetic variation and suggested that the cheetah
has had a history of small population size and is highly inbred. In addi-
tion, cheetahs are notoriously difficult to breed in captivity, have high
levels of abnormal sperm, and appear to be highly sensitive to disease
(O’Brien et al. 1985). The problem may be even more severe in very
small populations subject to genetic drift. In small populations, genetic
drift has more effect on changes in allele frequencies than does selec-
tion; and deleterious alleles, with their associated reduction in fitness,
can become fixed in these small populations.

Intentional selection against deleterious alleles also drastically
changes the genetic characteristics of the population. This domestica-
tion is clearly undesirable in populations intended for future release
into natural habitats. The intentional purging of genetic load is indeed a
risky option with certain undesirable results and should be carefully
considered before being used in the management of endangered species
(Hedrick et al. 1986).
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It would seem, however, that one could safely ignore the threat of
inbreeding depression in naturally inbreeding populations or popula-
tions with a history of small population size since these populations
might be expected to be purged already of their genetic load. The
degree to which a population is purged is a function of both the selection
acting on a population and the degree and rate of inbreeding in the
population. Both selection and the degree of inbreeding (in wild popu-
lations) are extremely difficult to estimate, as are their effects, and are
often modeled using a variety of assumptions. The results are indicative
of a range of possible scenarios (Lacy and Clark, chap. 7, this volume;
Ralls et al. 1983). Additionally, it is not always true that historically
inbred populations or populations with low levels of detectable isozyme
variation show no depression with additional inbreeding. Absence of
electrophoretically detectable protein variations does not necessarily im-
ply total absence of genetic variation for adaptively important charac-
teristics (Hedrick et al. 1986). Despite a history of domestication and
inbreeding, populations may still be susceptible to inbreeding depres-
sion (recall the Swedish mink [Johansson 1961]).

The Pere David’s deer (Elaphurus davidianus) was first brought to the
attention of the West by the missionary Father David, who in 1865
noticed this unusual deer in the hunting compound of the Chinese
emperor. Extinct in the wild, Pére David’s deer had probably bred in
captivity for as many as 3,000 years before being rediscovered. Father
David eventually managed to send a few deer to Europe (exactly how
many is unknown, but probably less than 5 lived to reproduce). The
current population has descended from the captive herd at Woburn
Abbey, which itself was founded by fewer than 18 deer from the Euro-
pean population. Additional bottlenecks occurred during World War
II. The history of Pére David’s deer is characterized by a series of bottle-
necks, and the species is believed to be highly inbred (Whitehead 1978;
Foose and Foose 1983). Initial electrophoretic analysis confirms this
(Ryder et al. 1981). Nevertheless, Foose (1983) found significantly high-
er mortality rates in inbred Pére David’s deer young than in noninbred
young.

Additionally, even though the cheetah is almost completely lacking in
genetic variation (O’Brien et al. 1983, 1985), initial results suggest that
captive inbred cheetahs suffer from significantly higher mortality rates
than noninbred cheetahs (O’Brien et al. 1985). A more detailed analysis
of inbreeding and mortality patterns in both of these species will be
necessary to confirm this association.

These data suggest that one should take care in making assumptions
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regarding the severity of inbreeding depression in populations with a
history of small population size or low levels of genetic variation. It
cannot automatically be assumed that inbreeding problems can be ig-
nored in these populations.

The extant population of black-footed ferrets at Meeteetse is limited
to approximately 3,000 hectares, and historical records indicate that the
population has been both small (less than 100 animals) and probably
genetically isolated since the 1930s (Clark et al. 1986; Lacy and Clark,
chap. 7, this volume). Given a generation time of approximately 1.5
years, Lacy and Clark estimate that the Meeteetse population hasbeenin
a bottleneck for over 30 generations and could have lost between 16 and

73% of the variation present in the 1930s, which may itself have been

very low. The historical bottleneck and the ensuing loss of variation have
led several to suggest that the population has already been purged of its
genetic load and that the genetic consequences of additional inbreeding
can be ignored in developing captive-breeding plans (Pettus 1985).

Given the uncertainty of our assumptions regarding the historical
events in the population and their effects, as well as the consequences of
ignoring the potential impact of inbreeding depression, it seems that
such advice is unsound. Consideration of the potential effects of in-
breeding depression should be part of an integrated captive-breeding
plan for black-footed ferrets.

Outbreeding Depression

A second consideration in developing a captive-breeding program for
black-footed ferrets is the potential for outbreeding depression. Out-
breeding depression can be defined as a reduction in fitness due to
crossing individuals that are too distantly related. One type of outbreed-
ing depression results from crossbreeding individuals from populations
that have adapted to different local environments (local adaptation).
Crossing individuals between these regions may then result in offspring
fit for neither of the parents’ habitats.

As an example of outbreeding depression due to local adaptation,
Templeton et al. (1986) refer to translocation efforts with ibex. To
supplement a previously introduced population of Tatra mountain ibex
(Capra ibex ibex) in Czechoslovakia, bezoars (C. i. aegrarus) and Nubian
ibex (C. i. nubiana) were imported from Turkey and the Sinai. Offspring
of the subspecific hybrids were born in the dead of winter and could not
survive. As a result, the population went extinct over several years
(Greig 1979).
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Outbreeding depression can also result from disruption of coadapted
gene complexes. Coadapted gene complexes can occur when a genetic
or karyotype complex evolves or adapts in response to other genetic
complexes or chromosomes. This differs frcm local adaptation in that
genetic complexes are adapting to the state of other genes rather than to
local environments. An example of karyotypic coadaptation can be
found in the owl monkey (Aotus trivirgatus). Owl monkeys have several
different chromosomal races (de Boer 1982), and reproductive fitness is
improved when individuals with similar chromosome forms are paired
in captivity (Cicmanec and Campbell 1977; Elliott et al. 1976).

Templeton et al. (1986) discuss techniques for predicting the pos-
sibility of outbreeding problems. Evidence of large gene-frequency dif-
ferences between populations may be indicative of potential outbreed-
ing problems. However, such differences may not necessarily be the
result of coadaptation. In very small isolated populations, evolution is
strongly determined by genetic drift, and differentiation may be due to
drift rather than local adaptation or coadaptation due to selection. Evi-
dence of gene-frequency differences between large populations not
subject to genetic drift is of more weight in detecting the potential for
outbreeding depression. Obviously the biogeography and history of any
future black-footed ferret population will have to be examined to in-
terpret any gene-frequency differences found.

Individuals can be genetically screened for karyotypic differences.
Such differences are probably the best indicator of potential outbreed-
ing problems. Differences in gene frequencies or karyotypes are only
suggestive of potential problems and should not be interpreted as abso-
lute indicators of an outbreeding effect. Outbreeding depression has
been found in populations without detectable differences, while popula-
tions with considerable genetic differences have been found to have no
outbreeding depression (Templeton et al. 1986).

Outbreeding depression has been found in plants, invertebrates, and,
to amore limited extent, in vertebrate species (Shields 1982; Templeton
1986). Many studies on vertebrates indicate variable reactions to out-
crossing (Cade 1983). However, evidence for outbreeding effects in
mammals is scarce. Initial studies in captive populations indicate that
outbreeding depression is not a contributing factor to mortality in these
populations (Templeton and Read 1984). Inbreeding depression seems
to be more of a problem than outbreeding depression and, unless genet-
ic assays indicate otherwise, should be considered a higher priority than
outbreeding depression.

The question of how important local adaptations and coadapted gene
complexes are to the future management of the black-footed ferret is of
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patterns of the ferrets suggest that different local adaptations or genetic
coadaptation have probably not evolved within the Meeteetse
population.

Management options for populations showing signs of inbreeding
and outbreeding depression have been discussed in general terms else-
where (Foose et al. 1986; Templeton et al. 1986; Templeton and Read
1984). Basically, outbreeding is a suggested management plan for popu-
lations likely to suffer from inbreeding depression. Similarly, popula-
tions likely to suffer from outbreeding depression should be managed as
contained groups (Templeton et al. 1986).

These two recommendations are, in a sense, diametrically opposed in
very small populations: avoiding inbreeding and maintaining genetic
diversity necessitates outbreeding, while avoiding outbreeding necessi-
tates population segregation and thus increased inbreeding. When
managing small populations, we must therefore initially decide which
strategy to adopt, since we cannot implement a management plan to
avoid both outbreeding and inbreeding. '

If the captive population of black-footed ferrets is founded solely
from the Meeteetse population, as is now the case, it is unlikely that
outbreeding depression will be a problem in the captive population.
Although it is also possible that the population has been purged of its
genetic load due to its history of moderate previous inbreeding (Lacy
and Clark, chap. 7, this volume), conservative management practices
dictate recognition of potential inbreeding effects.

. Frankham et al. (1986) and Foose et al. (1986) discuss a variety of goals
' for the management of captive populations. Although the maintenance
of genetic diversity is considered the most desirable goal for captive-
breeding plans, they recognize the need to relax genetic considerations
in favor of demographic considerations when the survival of the popula-
tion is threatened. Certainly, this was the situation with the initial 18
black-footed ferrets in captivity. Strict emphasis should be placed on
increasing the number of animals as rapidly as possible. This is necessary
for both demographic reasons (small populations are more susceptible
to extinction [Gilpin and Soule 1986]) and genetic reasons (the bot-
tleneck effects of a founding event are minimized if postbottleneck
population growth is rapid [Nei et al. 1975; Denniston 1978]). During
this critical phase of growth, genetic considerations associated with
maintaining genetic diversity (such as avoiding inbreeding and manag-
ing founder contribution [Foose et al. 1986]) must be secondary and
should be considered only when the growth of the population is not
compromised. When searching for reproductively compatible pairs,
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however, pairings between unrelated animals should be considered be-
fore those between related individuals.

During the critical phase, the effects of inbreeding should be carefully
monitored. Records on successful and unsuccessful pairings, mortality
data, parentage information, and other studbook data should be kept
for future analysis. As the population becomes larger and more animals
are available for breeding, there will be more flexibility in implementing
genetic considerations. At this point (the “intensive care” phase), it is
appropriate to begin evaluating the effects of inbreeding using what-
ever data have already been compiled during the critical phase of the
population.

Various methods of evaluating the effects of inbreeding on mortality
and reproduction are described elsewhere (Ralls et al. 1979; Templeton
and Read 1984; Lee 1980). It is possible, however, that not enough data
will have been produced to make a proper evaluation. A central problem
in detecting inbreeding effects is the amount of data necessary to make a
statistically valid comparison between inbred and noninbred mortality
rates. The concern is that a negative result might be misinterpreted. One
might conclude that there is no inbreeding effect if a nonsignificant
difference is found, when, in fact, not enough data have been collected
to detect an effect. The power of this test must be high enough to draw a,
proper conclusion.

Table 5.2 shows the sample sizes required to detect various dif-
ferences between inbred and noninbred mortality rates with 90 and 95%
confidence (Lachin 1981). For example, to be 90% certain of detecting
an inbreeding depression of 40% relative to a baseline (noninbred) mor-
tality of 30% (inbred mortality of 70%) requires a total sample size of 50
(25 inbred and 25 noninbred births). Even larger sample sizes will be
required if most births are inbred, which is likely to be the case. Of
course, the larger the inbreeding effect, the fewer data are needed to
detect it; and it is possible that inbreeding effects of the magnitude likely
to cause severe problems for a population will be easily detected early in
its history.

If there are not enough data to detect the level of inbreeding effects
that might be of concern to the population, or if data are available and
such an effect is slight, then it is recommended that the population
continue to be managed to enhance population growth and maintain
genetic diversity. Data on the effects of inbreeding should continue to be
monitored in either case. If an inbreeding effect becomes strong enough
to significantly affect mortality patterns, it should be recognized soon.

If an inbreeding effect is detected and appears to be strong enough to
affect the overall health and future chances of survival of a population,

e e i et &t i in s

"




62 Jonathan D. Balloy

Table 5.2. Sample Sizes Required to Detect Different Degrees of inbreeding
Depression

Inbregi Noninbred (Base) Mortality Rate
Mortality

Rate 01 02 03 0.4 05 06 07 08 09

A: Sample required to detect a difference with 90% confidence

0.1 —

0.2 398 —

0.3 126 639  —

0.4 65 176 776 —

0.5 40 83 202 844 -

0.6 27 48 90 210 844 —

0.7 19 30 50 90 202 776 —

0.8 13 20 30 48 = 83 176 639 —

0.9 9 13 19 27 4] 68 133 433 —

1.0 6 9 12 16 22 30 45 73 159
B: Sample required to detect a difference with 95% confidence

0.1 —

0.2 507 —

0.3 159 806 —

0.4 82 222 980 —

0.5 50 104 254 1,066 —

0.6 33 59 114 265 1,066 —

0.7 23 37 62 114 254 980 —

0.8 16 24 37 59 104 222 806 —

0.9 11 16 23 34 51 85 168 547 —

1.0 7 10 14 19 27 38 56 92 200

Source: Lachin 1981.

Note: The sample sizes specified are the total number of births equally distributed
between inbred and noninbred young required to detect a significant difference at the
0.05 level with a power of 0.90 (A) and 0.95 (B).

then a management plan to purge the population of its genetic load
might be considered.

Templeton and Read (1984) discuss 2 management plan applied to a
captive population of Speke’s gazelle suffering from strong inbreeding
depression. Their goal was to eliminate inbreeding depression by adapt-
ing the population to inbreeding. This was accomplished by selectively
breeding healthy, inbred animals who would produce inbred offspring.
Care was taken to avoid producing extremely inbred offspring as well as
to choose parents that would maximize the genetic viability of the gene
pool. Using the above management recommendations, they reduced the
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genetic load in the population by almost one-half in a 3-year period
(Templeton and Read 1984). Such a management plan could be consid-
ered for the black-footed ferret population if significant inbreeding
depression was found.

Implementing a plan to purge the population of its genetic load,
however, must be seriously considered because of the severe disadvan-
tages. These are particularly serious since release of captive-born ani-
mals to establish and supplement existing populations is a primary goal
of the black-footed ferret recovery plan (Richardson et al. 1986). Such
disadvantages seem negligible, however, if the alternative is the extinc-
tion of the captive population and possibly the entire species.

Given the consequences of implementing a plan to purge genetic load,
how severe does inbreeding depression have to be before such a plan is
recommended? I recommend that it be used only if the inbreeding is
severe enough to jeopardize the continued survival of the population.
This condition would exist if the depression was severe enough to: (a)
keep the population small enough to remain dangerously susceptible to
demographic fluctuations and catastrophic events, or (b) cause a signifi-
cant declining trend towards extinction. Either of these conditions
might be considered sufficient to implement a plan of reducing or purg-
ing the population of its genetic load.

Once the levels of genetic load are reduced, the management plan
could then revert back to maintaining genetic diversity. Templeton and
Read’s (1984) results suggest that populations can be purged of their
genetic load relatively quickly. In fact, a plan alternating between pu-
rifying selection and maintaining genetic diversity could also be
considered.

Managing Inbreeding and Outbreeding Depression

The possibility of discovering other black-footed ferret populations rais-
es some interesting questions regarding the incorporation of new ani-
mals into a captive-breeding program. There would be considerable
genetic and demographic advantages in supplementing the Meeteetse-
founded captive population with animals from other populations. A
larger founder size will enhance the overall maintenance of genetic
diversity, as well as increase the probability of successful reproduction
and rapid growth. Merging the population could increase levels of het-
erozygosity, thereby restoring heterotic loci and promoting increased
fitness in the offspring. If one chose to ignore the potential effect of
outbreeding depression, the population should be initially merged and
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perhaps later subdivided, while maintaining limited gene flow (Foose et
al. 1986).

Other populations that might be found will likely have been isolated
from the Meeteetse population for many generations and may be fixed
for alleles different from those in the Meeteetse population. Itis possible
that any fixed genetic difference will be due to genetic drift rather than
selection. Under these conditions, the potential for outbreeding does
exist and should be considered in the development of a breeding plan.
However, inbreeding considérations should still take priority over out-
breeding considerations.

If only a few individuals from another population are found, the
primary goal will again be population growth, with the emphasis on
choosing reproductively compatible pairings rather than genetically
compatible pairings. However, a choice must first be made whether to
search for reproductively compatible mates within or between popula-
tions. The karyotypes of the 2 populations should be compared. If
differences are found, individuals within populations should be prefer-
entially mated. If no differences exist, individuals between populations
should be preferentially mated. As the population grows and there is
more freedom in mate selection, the data can be analyzed for inbreeding
and outbreeding effects using the methods described by Templeton and
Read (1984). If inbreeding depression is a severe problem, preference
should be given to outcrossing individuals rather than implementing a
plan to purge the population of its genetic load. Likewise, if outbreeding
depression is severe, plans should be developed to avoid pairings of
individuals between populations (but also to avoid pairings between
related individuals). If the data are inconclusive, then the population
should be allowed to continue to grow. Pairings should be selected on
the basis of maximizing genetic diversity. Test inbred and outbred
crosses could be made if the population grows large enough so that
animals become available. Additionally, if other large populations of
ferrets are found, test pairings between populations could be conducted
sooner.

If such pairings are compatible, a decision to merge the captive popu-
lations totally, partially, or not at all would have to be made. If inbreed-
ing depression is absent, the best strategy might be to establish a third
captive population by outcrossing some individuals from each of the 2
original populations, as suggested by Lacy and Clark (chap. 7, this

volume).

This discussion of the potential outbreeding and inbreeding effects
within and between future captive populations of black-footed ferrets
should serve primarily to illustrate the types of management options
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that might be considered. Obviously, it is impossible to predict the char-
acteristics of either the future captive population or any other yet-to-be-
discovered black-footed ferret populations. Management decisions will
have to be based on the specific genetic and demographic characteristics
of the populations present at that time.
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