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Inbreeding and Outbreeding in Captive
Populations of Wild Animal Species

Robert C. Lacy, Ann Petric, and Mark Warneke

That inbreeding, the mating of close relatives, often has deleterious
effects has been known for centuries. Darwin (1868) extensively docu-
mented inbreeding depression in domesticated stocks in his two-
volume book, The Variation of Animals and Plants under Domestication,
and Wright (1977), Falconer (1981), and others have reviewed data that
| have accumulated since. With some exceptions (e.g., Shields 1982), the
generally (almost universally) deleterious effects of wncnwm&:m have be-
Yome widely recognized, and almost dogma. Surprisingly, however,
the empirical evidence for the effects of inbreeding on <m3mwnwﬁmm is
quite narrow—primarily restricted to breeding studies of moBmmcnmﬂmm
livestock and laboratory rodents and pedigree studies of human soci-
eties. These stocks result from hundreds to thousands of years of in-
tense artificial selection, and it is not clear that they would make good
models for inbreeding effects in natural populations. We still do not
have a sufficient empirical base for many of the claims that are made
about inbreeding depression and its causes, and we certainly have
scant data for generalizing about the frequency, magnitude, and corre-
lates of inbreeding depression. .
Zoological parks breed a diversity of vertebrate species, and either
because of a lack of available animals to pair or because of a lack of
concern about the effects of inbreeding, zoos often extensively inbreed
their stocks. Therefore, the breeding records of zoos potentially offer a
wealth of data on the effects of inbreeding. The use of zoo breeding
records fo examine the effects of inbreeding has considerable advan-
tages and disadvantages. While published data on Svnmma.wbm are
accessible for only a few nondomesticated species, as of 1988 interna-
tional studbooks were being maintained on the pedigrees for eighty-
seven speties propagated in zoological collections (Olney, Ellis, and
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Sommerfelt 1988). These breeding records often extend for 25 to 100
years, encompassing many generations of breeding. In some cases, vir-
tually complete genealogical data exist for more than a thousand spec-
imens (e.g., golden lion tamarin, Leontopithecus r. rosalia);- such exten-
sive data bases are unparalleled and would be virtually unobtainable
from field studies of populations in more natural habitats. Because
z00s can provide animals with relatively standard diets, environments,
and social groupings, uncontrolled environmental variation can be
minimized throughout a pedigreed population, at least relative to the
variation that might confound studies of similar magnitude in the field. ’
Even when different zoos follow distinct management procedures, sta-
tistical separation of within-zoo from between-zoo variation in data can
allow a degree of statistical control over nongenetic variation. Zoo ani-
mals rarely die from predation, food stress, or extremes of weather,
and this reduced nongenetic mortality relative to natural populations
could lead to greater statistical sensitivity in detecting inbreeding
depression.

Unfortunately, the use of breeding records on zoo populations to
study inbreeding has many disadvantages—often related to the advan-
tages stated above. Although pedigrees can be extensive, they are
rarely complete. Few zoos have consistently kept accurate records of all
breeding throughout their histories (though many now do keep com-
plete records), and even in seemingly complete data bases stillbirths
and neonatal deaths often go unreported. Management practices
change over time, and both temporal and between-zoo variations in
the captive environment are often correlated with degrees of inbreed-
ing. Although zoos often keep animals in pairs or single-male groups
and therefore can be certain of parentage determinations, the parent-
age of animals born into multimale groups can only be assessed with
certainty by molecular genetic analysis. As is the case with field stud-
ies, when such molecular studies are undertaken it is often found that
parentages assessed by observations of behavior are in error. The ame-
liorated captive environment, while removing many sources of statis-
tical variation, also results in unnatural, and often unnaturally low, se-
lective pressures on a population. Animals that would be seriously
compromised in the wild by genetic abnormalities often live much
longer in captivity than they could otherwise. Social interactions and
opportunities for mating in captivity are often very different from those
in the social systems more typical of wild populations of the species:
normally promiscuous animals might be housed as pairs, and naturally
solitary species (e.g., orangutans, Pongo pygmaeus) are often kept in so-
cial groups. Thus, behavioral preferences for or avoidance of inbreed-
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ing cannot be assumed to have the opportunity to manifest themselves
in captive breeding stocks.

Moreover, it is often not known whether the founding stock of a
captive population represents one or a few family groups collected
from a local population in the wild, animals collected from divergent
geographic regions, a diversity of subspecies (e.g., many captive
groups of tigers and lions), or even closely related species (e.g., many
captive populations of squirrel monkeys, Saimiri, of titi monkeys, Cal-
licebus, and of owl monkeys, Aotus). Because of the uncertain origins of
many captive populations, the effects of inbreeding on zoo populations
can be confounded with the effects of outbreeding or even hybridiza-
tion between formally recognized taxa (Templeton and Read 1984; Tem-
pleton 1986). Outbreeding depression, a reduction of fitness when in-
dividuals from normally noninterbreeding populations are crossed,
results from the disruption of coadapted gene complexes. Coadapta-
tion of genes can occur because multiple genetic loci contribute to a
suite of characters that jointly confer adaptation to local environmental
conditions (response to extrinsic selection pressures), or because genes
evolve in response to other genes under the constraint that genome
structure and function must always be compatible (response to factors
intrinsic to the genome) (Templeton et al. 1986). A clear example of
coadaptation is the constraint on chromosome polymorphisms im-
posed by the need for proper pairing during meiosis. Crosses between
chromosomal races of the owl monkey (Aotus trivirgatus) often produce
hybrids with reduced or no fertility (de Boer 1982).

Lacking data to indicate otherwise, it must be assumed for genetic
analysis that the wild-caught animals used to initiate a captive popula-
tion are all unrelated. Thus, the first-generation captive-born animals
are, by necessity, considered to be noninbred. It is only in the second
and later generations of captive breeding that animals known to be
inbred can be produced. Founding stocks may differ substantially in
their levels of genetic diversity, and inbreeding coefficients calculated
-from pedigrees can only measure the loss of heterozygosity relative to
the founding stocks. If the original wild-caught animals come from di-
verse small, locally adapted, and perhaps partially inbred populations,
the first-generation captive-born descendants will have a complete
haploid genome from each of the two parental sources. They are likely
to show- the hybrid vigor so commonly observed in crosses between
genetically divergent strains of domesticated and laboratory animals.
In the second- and later-generation descendants, recombination can
lead to disruption of coadapted complexes of genes from the parental
lineages, resulting in a reduction of fertility or viability. Thus, it is in

CAPTIVE POPULATIONS OF WILD ANIMAL SPECIES 355

the second captive generation that we expect to see both the first doc-
umentable inbreeding and also the breakdown of coadapted gene com-
plexes. Failure to consider these and other alternative explanations for
reduced fitness in the descendant generations is common and can be
misleading (Templeton et al. 1986).

Although zo0 records are a potential source of extensive data on the
effects of inbreeding and outbreeding in numerous species, they have
been little utilized to date, and the results must be analyzed with due
n.OdemSzOD given to differences between captive and wild. popula-
tions and certain methodological complications. In this chapter, we will
give a brief overview of recently published summaries of inbreeding
effects in zoo populations, we will present data from the breeding re-
cords of six ungulate species at Brookfield Zoo, and we will present a
detailed analysis of the effects of inbreeding and outbreeding on
me_&\m monkey or Callimico. We hope and expect that investigators
will mine further the data available in zoo records, so that the tremen-
dous resources invested in captive breeding can be used to maximum
benefit for studies of natural history and evolutionary biology, and for
the benefit of the animals themselves.

STUDIES OF INBREEDING IN CAPTIVE POPULATIONS

.mnmzmnmm through the scientific literature are case studies of inbreeding
in a variety of species propagated by zoos and private breeders: Prze-
walski’s horse (Equus przewalskii: Bouman and Bos 1979; Keverling Buis-
man and van Weeren 1982), mountain sheep (Ovis canadensis: Sausman
1984), gaur, a wild cattle species (Bos gaurus: Hintz and Foose 1982),
leopards (Panthera pardus: Shoemaker 1982), European bison (Bison bon-
asus: Slatis 1960), Dorcas’ gazelles (Gazella dorcas: Ralls, Brugger, and
Glick 1980), white tigers (Panthera tigris: Roychoudhury and Sankhala
1979), Speke’s gazelle (Gazella spekei: Templeton and Read 1983, 1984),
thesus macaques (Macaca mulatta: D. G. Smith 1986a, 1986b; Smith et
al. 1987), and budgerigars (Melopsittacus undulatus: Daniell and Murray
1986). All of these studies reported that inbreeding depressed at least
some aspect of fitness in some populations, with infant mortality being
the most commonly measured fitness component, but considerable di.
versity exists among the findings of the studies. For example, Shoe-
maker (1982) found increased juvenile mortality with inbreeding in one
.mccmvmamm of leopard, the Persian leopard, but found no such trends
in Chinese leopards or Amur leopards. Daniell and Murray (1986)
found that inbreeding depressed viability of nestlings in one captive
colony of budgerigars, but not in another. Slatis (1960) found higher
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mortality in inbred European bison, but only among the descendants
of a single male that was from a different subspecies than the rest of
the remnant world herd of this endangered species. Those bison pro-
duced from within-population crosses showed no effect of inbreeding,
and it is possible that the “inbreeding depression” reported by Slatis
was actually outbreeding depression that appeared in the second, re-
combinant generation of the between-subspecies crosses. This expla-
nation for apparent inbreeding depression in a captive herd of Speke’s
gazelle was considered, but then rejected, by Templeton and Read
(1984).

Reports of no effect of inbreeding in zoo stocks are very rare, and
apparently nonexistent for large data sets, but it is unclear whether
that may in part be due to a reporting bias. Kathy Ralls and Jon Ballou
of the National Zoological Park have, in a series of papers, summarized
data on a number of zoo populations, looking for overall trends (see
Ralls and Ballou 1983 for a review). Examining ungulates (Ralls, Brug-
ger, and Ballou 1979; Ballou and Ralls 1982), primates (Ralls and Ballou
1982b), and small mammals (Ralls and Ballou 1982a), they showed in
each case that, more often than not, juvenile mortality was higher in
the inbred animals. Where sufficient data were available, they have
also shown that differences in population density, in management
practices among Z00s, in birth season and birth order, and between
wild-caught and captive-reared dams do not explain the greater aver-
age mortality in the inbred offspring (Ballou and Ralls 1982). The sign-
tests they used, however, simply demonstrate that inbreeding is more
often deleterious than beneficial, and give no indication of how general
or how severe inbreeding depression is in zoo stocks.

Recently, Ralls, Ballou, and Templeton (1988) presented a quantita-
tive study of the severity of inbreeding depression in forty populations
of thirty-eight species of mammals. Ralls et al. calculated the number
of “lethal equivalents” per diploid individual, given by the regression
slope of the logarithm of juvenile survival against the inbreeding coef-
ficient. The number of lethal equivalents estimates the number of re-
cessive lethal alleles per individual if the effects of all deleterious reces-
sives were combined into fully lethal genes (Morton, Crow, and Muller
1956). In measuring genetic deaths, it is usually impossible to distin-
guish between death caused by a single lethal gene and death caused
by the combined effects of many sublethal, deleterious genes. A lethal
equivalent could be one fully lethal allele, two alleles (at nonlinked loci)
each conferring a 50% probability of death, ten alleles causing 10%
mortality each, or any combination of deleterious alleles causing on
average one death. The cumulative probability of survival through
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multiple independent risks of mortality would be the product of the
individual probabilities (e.g., three 50% lethals result in a 87.5% prob-
ability of death); hence, a linear regression of the logarithm of survival
probabilities is used to estimate lethal equivalents. .

Ralls, Ballou, and Templeton (1988) found lethal equivalents to
range from —1.36 in maned wolves (Chrysocyon brachyurus) to 30.32 in
Wied's red-nosed rat (Wiedomys pyrrhorhinos). (Although no population
had significantly less than zero lethal equivalents, a negative value
would indicate greater survival in inbred litters.) Much of the scatter
among the populations sampled must have been sampling error: for
example, two of the populations studied by Ralls et al. (including
Wied’s red-nosed rat) included only one inbred litter. Because whole
litters often die or live as a unit (e.g., the one inbred litter of the red- -
nosed rats), statistically it is not appropriate to consider each offspring
as an independent data point; rather, the number of degrees of free-
dom in such studies is more likely the number of litters, or perhaps the
number of dams. Even accepting that many of the data points pre-
sented by Ralls et al. are based on small samples, between-taxa com-
parisons are possible. Figure 15.1, reproduced from the Ralls et al.
paper, displays means, standard deviations, and ranges of lethal
equivalents for several mammalian orders. This survey failed to detect
clear trends among the mammalian orders, nor did Ralls et al. find
trends related to the nature of the source population (captive or wild)
from which the pedigreed population was derived.

A recent study of inbreeding in laboratory stocks of eight popula-
tions (of two species) of Peromyscus mice revealed no relationship be-
tween the severity of inbreeding depression and the size and degree of
insularity of the natural populations represented by the lab stocks
(Brewer et al. 1990). It appears that the limited data on inbreeding of
nondomesticated populations of animals do not yet reveal any taxo-
nomic or ecological trends.

HiSTORIES OF INBREEDING AMONG UNGULATE POPULATIONS
AT BROOKFIELD ZOO

Like many zoos, the Chicago Zoological Park (Brookfield Zoo) main-
tains much of its hoofstock in herds, generally started from a few indi-
viduals and often with little or no input of additional genetic material
in subsequent years. Because one or a few males usually monopolize
matings, close inbreeding becomes common beginning with the sec-
ond generation of captive breeding. We present here the histories of
several such populations from Brookfield Zoo. The populations chosen






