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Loss of Genetic Diversity from Managed
Populations: Interacting Effects of Drift, Mutation,
Immigration, Selection, and Population Subdivision

ROBERT C. LACY

Depattment of Conseevation Biology
Chicago Zoological Society
Brookfield, [linois 60513

Abstract: A computer simulation program was used to ex-
amine interacting effects of genetic drift, mutation, immi-
gration from oulside populations, directional and balancing
selection, and population subdivision on the loss of genefic
variability from small managed populations. Stochastic
evenis were stmulated with a pseudo-random number gen-
erator, and the genetic variation (expected belerozygosily)
within and between popuiations was monitored in 25 pap-
wiations for 100 genergtions.

Genetic drift was the overviding factor controling the loss
of genetic variation. Mutation bas no noticeable effect on
populations af the size typically managed in z00s and nature
preserves. Immiigration from a large source population can
strikingly slow, balt or even reverse the loss of genetic vari-
ation, even with only one or a few migrants per generation.
Unless selection is stronger than commonly observed in nat-
ural papulations, it is inefficient in countering drift when
bopulation sizes are on the ovder of 100 or fewver. Subdivided
bopulations rapidly lose variability from within each sub-
Population but retain variation across the subpopulations
belter than does a panmiictic population.

These results suggest that population managers should be
concerned thith the variation-depleting effects of genetic drift,
perbaps almaost to the exclusion of consideration of selection
and mutation, Drift can be countered by the introduction of
very occastonal immigrants oy, less effectively, by division
of the managed population into smaller breeding groups that
interchange enough migranis to prevent unaccepiably del-
eterious inbreeding within each subpopulation.

Paper submitted 9/8/86; revised manuscript accepted 3/31/87.

Resumen: A lravés de un programa de simulacion por com-
butadora se examinaron [os efectos interactivos de la deviva
génica las mutaciones, la fnmigracion de poblaciones ex-
ternas, la seleccion balanceada v direccional y la subdivi-
sion de poblaciones pequenas sujetas a manejo, debido a ia
Dpérdida de variabilidad genética. Se simularon eventos es-
tocdsticos con un generador de niinmeras pseudo-azarasos y
se estudio la varigcion genética intra e interpoblacional (bhe-
leracigosis esperada} en 25 poblaciones durante 100 gene-
raciones.

La deriva génica fue el factor predominante que controlo
{a pérdida de variacion genédtica Las mutaciones no tuvieron
un efecto noiahle en poblaciones del tamano tipico mane-
Jjado en zooldgicos y dreas protegidas. La inmigracion pro-
veniente de otras poblaciones mds grandes puede
asombrosamente disminuiy, detener o invertir la pérdida de
varigcidn genédtica, ain con la influencia de 5610 uno o pocos
migrantes por generacion. Cuando el tamario de las po-
biaciones es del orden de 100 individuos ¢ menos, no e
necesario evaluar la deriva génica, a menos gue la seleccion
sed mds fuerte gue la comunmente observada en poblaciones
naturales. Las poblaciones divididas pierden rdpidamenie su
variahilidad intra- subpoblacional, pero retienen una mayor
variacidn intersubpoblacional que las poblaciones panmi.
ticas.

Los resultados sugieren gue los manegjadores de poblacio-
nes deben estar mds atentos a la disminucion de la variacion
genética producida por la deriva génica, que a las mutacio-
nes 6 a la seleccidn natural, La deviva génica puede invertirse
con la introduccion de migrantes ocasionales, O {aungie
menos efectivamente) a través de la divisidn de las pobla-
ciones manejadas en pequenios grupos de crianza que puedan
intercambiar migrantes para prevenir cruzamientos deleté-
reos dentro de cada subpoblacion
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144 Loss of Genetic Diversity from Managed Popuiations

Introduction

As nawral habitats disappear and populations of organ-
isms within remaining natural arcas are increasingly
exploited, many species are reduced to small, remnant
populations occupying what is left of the habitat. Pop-
ulations being propagated in zoos and intensively man-
aged wildlife parks represent an extreme in these
respects, at times being the last hope for survival of a
species. By virtue of careful management, captive pop-
ulations can be largely freed from the hazards of pre-
dation, inadequate nutrition, severe weather, disease,
and difficulty in finding mates. Thus, smaller and more
stable populations can be maintained in zoos or closely
managed nature preserves than would persist in more
natural environments.

Yet small populations of organisms lose genetic di-
versity over time. In the absence of any deterministic
or directional forces on gene frequencies (selection, mi-
gration, mutation), frequencies of alleles follow a ran-
dom walk process (“genetic drift”) due to the random
sampling of genes during transmission from onec gen-
cration to the next. The random sampling of a small
number of genes at each new generation results in greater
fluctuations in gene frequencies than does the sampling
of a larger number of genes. Therefore, small populations
will tend to lose genetic variation by genetic drift more
tapidly than will larger populations. The ultimate fate of
any sexual population lacking mechanisms to restore
genetic variation would be fixation of one allele at each
genetic locus throughout the genome.

An immediate effect of the depletion of genetic var-

iability is increasing homozygosity of the individuals in
the population. Although the causes are still debated
(Crow 1948, Lerner 1954, Clarke 1979, Frankel 1983),
it has been widely recognized that increases in ho-
mozygosity often lead to lower viability and fecundity
(“inbreeding depression” )(Falconer 1981, Ralls & Ballou
1983).
Over a longer time scale, although the harmful ef
fects of inbreeding on individuals may diminish as
deleterious recessive genes are removed from the popula-
tion by selection (Lynch 1977, Templeton & Read 1983),
the population as awhole loses the evolutionary flexibility
conferred by genetic diversity (Selander 1983 ). Without
genetic variation between individuals on which nataral
selection can act, a population cannot adapt to changing
environments and is vulnerable to new pred-
ators, diseases, parasites, climatic conditions, and com-
petitors and to changingfoodsupplies.

For captive populations the loss of evolutionary flex-
ihility may be especially rapid and particularly hazardous
to long-term survival. The combined effect of rapid ge-
netic drift in small captive populations and strong di-
rectional selection for survival in a novel captive
environment might quickly deplete genetic variation.
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The relative lack of predators and abundance of food
and shelter might lead to a relaxation of many sclective
pressures to which wild populations would be exposed.
Yert the restoration of genetic variation by mutation fol-
lowing this relaxation of selection for traits formerly
under stringent selection is a very slow process—prob-
ably too slow to be of consequence in current efforts
toward the preservation. of species. For a given genetic
locus, only one new mutation per thousand generations
would be expected in a typical captive population of
100 to 1000 individuals. The rapid rate of habitat alter-
ation is not likely to slow, so the species harbored by
zoos will need considerable adaptive flexibility (evo-
lutionary, physiological, and behavioral) if they are ever
again to thrive in a noncaptive seting.

If zoas (or wildlife preserves and parks) are to prop-
agate long-term viable populations, and especially if they
are to contribute to the preservation of species diversity,
they will have to manage their populations in such a
way as to minimize, halt, or even reverse the decline in
genetic variability that occurs in captive populations.
Large breeding populations, exposed to varied environ-
ments, will maintain genetic variation and evolutionary
flexibility better than will smaller populations in less
varied habitats (Levins 1968, Hedrick et al. 1976, Lacy
1982). With finite resources, however, allocation of space
and facilities for one species necessarily limits space
allocated to others. Efforts are needed to determine how
best to manage captive breeding populations so as to
make optimal use of those resources set aside for each
species.

One approach to understanding how varied evolu-
tionary forces effect genetic variation in small popula-
tions, and how populations can be managed to make
those forces work toward the goals of captive manage-
ment instead of against them, is to use computers to
simulate the complex interactions of factors impinging
on hypothetical populations. Computer models share
with analytical theoretical approaches the property that
results are dependent upon necessarily incomplete rep-
resentations of natural processes. Models may be sen-
sitive to incorrect assumptions, and important factors
may have been omitted. Yet, for studying the effects of
variables that can be well-defined, and for examining
interactions among those variables, computer simula-
tions can provide answers that may not be intuitive and
that may not be readily obtainable by mathematical anal-
ysis. Moreover, many of the analytical models in the
literature and many of the intuitive concepts about ge-
netic diversity in small populations have been inade-
quately if at afl examined by simulations. Unlike many
analytical models, computer simulations do not make
approximations that depend on the range of parameters
for accuracy. The order-of-magnitude approximations of
many analytical treatments are often not sufficiently in-
formative for population managers.
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In this paper I describe a general computer simulation
model used to examine the effects of population size,
mutation, immigration, selection, and population sub-
division, and their interactions, on the maintenance of
genetic variability in small, managed populations. Many
of these factors have been examined before, either an-
alytically or by simulation maodels, but the disparity
among the models used to examine these factors makes
comparisons of the effects, and of the resulting recom-
mendations, difficult. Finally, because models are built
on simplifying assumptions, the robustness of the con-
clusions derived from any model (including those pre-
sented here) should be verified by alternative approaches
hefore they are put into practice.

Methods

A computer simulation program was written in the C
programming language for use on microcomputers using
the M8-DOS (Microsoft, Inc.) operating system. Results
were output numerically via a printer and graphically
via a Hewlett-Packard 7475A plotter.

To simulate the fate of two alleles at a genetic locus,
the program

1. Prompts the user to input the number of popula-
tions to be simulated, number of generations, pop-
ulation size, genotype fitnesses, forward and back-
ward mutation rates, frequency of immigration
into the population from an outside population,
number of subpopulations into which the total
population is fragmented, and migration rate be-
tween subdivisions.

2. Creates a-population {composed of several sub-
populations, if specified in step 1) of diploid in-
dividuals, assigning two alleles to each individual
with probability 0.5 that each allele is of ane type
(say, “A") rather than the other (*a"). (Probabilis-
tic events in the simulation are determined to oc-
cur when a real number drawn at randorn from a
uniform distcibution from 0 to 1 is less than the
specified probability.)

3. Selects two parents at random from each
(sub)population. Each parent is used for that mat-
ing with a probability equal to the fitness assigned
to its genotype relative to the fitness of the most
fit genotype. If a parent is not used, a replacement
is drawn at random from the (sub)population, and
then that newly chosen parent is in warn kept or
discarded with probability determined by its rel-
ative fitness.

4. Randomly selects one allele from each of the two
parents and assigns that allele pair to an offspring.

5. Replaces the offspring with a migrant from another
subpopulation, with probability equal to the mi-
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gration rate between subpopulations. The migeant
has a genotype that is drawn at random from the
pool of genotypes present in the other subpopu-
lations.

6. Replaces the individual with an immigrant from an
outside population, with probability equal to the
specified outside immigration rate. The immigrant
has a genotype randomly drawn from a gene pool
in which the two allelic variants are equally fre-
quent (as in the stacting population ).

7. Allows each of the two alleles of the individual to
mutate to their respective alternate form, with
probabilities equal to the specified mutation rate.

8. Repeats steps 3 through 7 (for each subpopulation )
as often as is necessary to creite a new generation
of the specified size,

9. Calculates allele frequencies and percent “ex-
pected” heterozygosity within each subpaopulation,
that is, the heterozygosity that would be ohserved
if the subpopulation were in perfect Hardy-Wein-
berg equilibrium. The expected heterozygosity
(calculated as 2pq, in which p and q are the fre-
quencies of the two alleles) is twice the binormial
vatiance in allelic frequencies in the population
(Crow & Kimura 1970). The program also cal-
culates allete frequencies averaged aver subpop-
ulations and from these overall allele frequencies
calculates the “total heterozygosity” or “gene di-
versity” that would be present in the population if
it were in Hardy-Weinberg equilibrium (mating
at random with no subdivision) (Nei 1973,1977).
The total heterozygosity reflects both within-
subpopulation heterozygosity and any between-
subpopulation genetic differentiation. If all sub-
populations are genetically alike, then the total
heterazygosity will be equal to the (also equal)
heterozygosities of the subpopulations. If subpop-
ulations are genetically quite distinct, then the
total heterozygosity will be much larger than is the
average within-subpopulation heterozygosity, and
it is the heterozygosity that would be present in a
single randomly breeding population with the same
amount of genetic diversity (strictly, the same total
variance in alleles) as is present actoss the sub-
populations.

10. Repeats steps 3 through 9 for the specified number
of generations, beginning each generation with the
offspring from the previous generation.

Thus, the program simulates genetic processes in a
constant size, randomly breeding population of sexually
reproducing hermaphrodites with discrete generations.
An individual can mate with itself, but is no more likely
to do so than to mate with any other given individual.
One important way in which the modeled population
deviates from reality is the randomness of breeding within
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the (sub)populations. In almost any real population, mate
selection, polygamy, and sex-biased dispersal and mor-
tality lead to deviations from panmixia. If these factors
can be estimated for a population under study, then the
“effective population size” can be calculated and a con-
version made between the real population and the ideal
populations presented in generalized models such as
this. The effective size of a population is the size of an
idealized monoecious population with random union of
gametes, that would lose heterozygosity at the same rate
as the observed population (Wright 1969 ). Thus, in the
simulated (sub)populations, the actual population size
is also the effective population size.

The lack of separate sexes and the self-compatibility
are atypical of most captive populations, but the genetic
behavior of such a population is almost indistinguishable
from that of a population with separate sexes. A few
simulations were run with the constraint that an indi-
vidual could not mate with itself, and the results did not
differ from simulations without such a constraint. Ex-
cluding self-fectilization has the same effect as consid-
cration of separate sexes; either increases the genetically
effective population size by 0.5 individuals {Wright
1969). The exclusion of sib-mating, as is commonly ob-
served in wild populations (Ralls et al. 1986) and is often
an intent of captive breeding programs, results in an
effective population of just two greater than the ideal-
ized population modeled here (Wright 1969). An une-
qual sex ratio or nonrandom mating {(producing 2
variance in family sizes that is greater than Poisson ) can
reduce the effective size to a fraction of the cotal pop-
ulation size (Crow & Kimura 1970, Ryman et al. 1981).
In captive populations, these causes of low effective pop-
ulation size can be minimized { Flesness 1977, Denniston
1978). In fact, if family sizes are equalized, effective
population approaches twice the real population size
(Crow & Kimura 1970).

I monitored genetic diversity in the simulations using
expected heterozygasities, both average within-subpop-
ulation heterozygosity and the total (within- and be-
tween-subpopulation )} heterozygosity that would be ob-
served if all subpopulations were mixed at random and
the genotypes were in Hardy-Weinberg proportions. Ge-
netic diversity could have been expressed as the num-
ber of alleles present (“allelic diversity™), as in the sim-
ulations of Allendorf ( 1986) and the analytical models
of Fuerst and Maruyama (1986). For several reasons
heterozygosity is the more common measure of genetic
diversity, but both measures yield important insights.
Being proportional to genetic variance, the expected
heterozygosity is also proportional to the short-term re-
sponse to selection on that genetic locus (Fisher's Fun-
damental Theorem of Natural Selection: Fisher 1958).
Long-term response to selection, however, is more de-
pendent upon the alleles present in the population than
on initial frequencies or heterozygosity (Allendorf 1986).
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Unlike allelic diversity, the estimation of expected het-
erozygosity from a sample of a population is not highly
dependent upon the sample size observed. Also, the fate
of allelic diversity in a population is quite dependent
upon the starting conditions (numbers and frequencies
of alleles: Allendorf 1986), whereas heterozygosity de-
cays at a steady average rate regardless of the initial allele
frequencies in the population (Crow & Kimura 1970).

Results

Figure 1 shows the fate of heterozygosity in 25 simulated
populations of 120 individuals across 100 generations.
{ A population size of 120 will be used frequently in this
paper as a standard of comparison. ) The only force lead-
ing to changes in gene frequencies and heterozygosities
in Figure 1 is random genctic drift. All genotypes were
assigned the same fitness, there was no mutation or im-
migration, and mating was random.

The stochastic nature of genetic transmission is ap-
parent in the simulated populations, even though the
populations are not unrealistically small for captive or
even wild populations of large vertebrates. Three of the
25 populations lost all heterozygosity at the genetic lo-
cus within 100 generations (i.e., one of the two allelic
variants was lost, the other was fixed), and yet six pop-
ulations had virtually the same allele frequencies and
hererozygosities after 100 generations as they had at the
outset. The average heterozygosity in these 25 simulated
populations after 100 generations was 58.25 percent of
the initial value (SE = 7.19% ), not significantly different
from the 66 percent predicted from the commonly used
equation for the loss of heterozygosity by random drift

H, = (1 - 1/[2N,})H,

GENETIC DRIFT -- VARIATION AMONG RUMS

90

% initial HeterozygoSity
n w - n m
(=3 =3 [~3 (=3 =

=)

o

. a
14 20 10 a8 50 &0 78 aa aq 100
Generatinon

Figure 1. Percent belerozygosity retained across 100
generations in 25 simulated populations of 120 ran-
domliy mating individuals each,
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in which N_ is the effective population size, and H, and
H, are heterozygosities at generations 0 and ¢, respec-
tively.

Throughout the remainder of this paper, heterozy-
gosities averaged across 25 simulated populations will
be shown for each set of conditions discussed. The av-
erage behavior of the 25 simulations can represent the
fate of a given genetic locus across 25 populations, or
the fate of 25 genetic loci within one population. The
relative smoothness of average heterozygosities shown
in all subsequent figures should not obscure the fact that
undetlying the average heterozygosities are fates of in-
dividual populations that are as diverse as those shown
in Figure 1. Results revealed by simulations are thus the
“expected” behavior of a population only in a statistical
sense: They should not be used to predict the behavior
of a particular gene of interest. For example, only a few
populations in Figure 1 were left with fractions of the
initial heterozygosity close to the thearetical prediction
of 66 percent.

Effect of Population Size

Figure 2 compares average heterozygosities of 253 sim-
ulated populations of various sizes and shows the effect
of population size on the rate at which genetic drift
depletes variation. Mean heterozygosities after 100 gen-
erations did not vary significantly from the theoretical
values of 90.5 percent, 81.2 percent, §5.9 percent, 43.3
percent, 28.4 percent, and 8.0 percent that are expected

COMPARATIVE POPULATION SIZES
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Figure 2. Percent beterozygosity retained in popula-
tions of 20, 40, 60, 120, 240, or 500 randomly mat-
ing individuals. Each line in this and all subsequent
figures vepresents the average of 25 simulated popu-
lations. Means and standard errors of the final heter-
ozygosities are indicated at the right Except when
otherwise specified, all subsequent figures are based
on simulated populations of 120 animals.
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for populations of size 500, 240, 120, 60, 40, and 20,
respectively. Standard errors of the mean heterozygos-
ities across these 235 simulated populations of each size
(SE = 2.73%, 4.58%, 6.86%,7.75%, 8.48%, and 2.79%,
respectively) approximate the theoretical standard er-
rors for heterozygosities remaining after 100 generations
of drift {2.43%, 4.35%, 6.60%, 8.00%, 7.66%, and 4.79%;
equation from Bulmer 1985).

Purting the loss of genctic variability into a perspec-
tive that is meaningful for a species or population of
interest can be difficult. The history of inbreeding in a
population (Lynch 1977) and the need to adapt to
changing environments will affect the loss of hetero-
zygosity that a population can withstand (Selander 1983).
To provide some benchmarks, note that inbreeding of
1 percent per generation is considered by animal breed-
ers to have negligible effect (Franklin 1980) and that
many human societies prohibit marriages between rel-
atives that would produce offspring with inbreeding
coefficients of 6.25 percent or more. {(Inbreeding re-
duces heterozygosity by 1% per 1% increase in the
inbreeding coefficient, and losses of heterozygosity due
to any kind of population structure are often measured
by inbreeding coefficients or F-statistics [Wright 1965,
Jacquard 1973]). Experimental populations have re-
spanded to artificial selection for more than 75 gener-
ations (Falconer 1981), suggesting that sufficient
variability exists to allow “adaptation” even after genctic
variation has been considerably depleted. Such experi-
mental populations do not cope simultaneously with the
diversity of selective constraints that are faced by natural
populations, however, and clearly the many species that
have gone extinct did not adapt sufficiently and rapidly
to changing environments.

Mutation

The ultimate source of new genetic variability is mu-
tation, although recombination, migration, and selection
can increase variability within a population by reshuf-
fling existing alleles within and between populations and
by changing allele frequencies. Figure 3 shows the ef
fects of mutation on heterozygosity within populations
of 120 individuals. Mutation can counter the effects of
drift, but not at rates of mutation that are observed in
any real population. Mutation rates typically range from
1078 to 1074 per gene per generation in eukaryotes and
from 107% to 10~ ¢ in mammals (Hedrick 1983, Strick-
berger 1985). Only at mutation rates greater than 10-?
did new mutation noticeably counter drift in the sim-
ulations. (The increased heterozygosity with m = 104
in Figure 3 was due to chance, not the effects of mu-
tation; note that the higher mutation rate of 10~* had
no effect on heterozygosity.)

In pact, the minimal effect of mutation in the simu-
lations results from the very high heterozygosity (50%

Conservation Biology
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COMPARATIVE MUTATION
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Figure 3. Percent heterozygosity retained in popula-
tions with equal forward and backward mutation
rates of 0, 1074 1073, 1072 or 107" per generation.

at generation 0. New variation introduced by mutation
increases additively, independent of current heterozy-
gosity, while drift leads to a geometric decrease in het-
erozygosity, the loss being proportional to extant
heterozygosity. After heterozygosity reaches alow value,
further loss due to drift will have diminished to the rate
of gain by mutation: The population will be in mutation-
drift equilibrium. For a population of 120 animals with
amutation rate of 103 mutation-drift balance is reached
when heterozygosity drops to 0.0048, about 1 percent
of the initial value in the simulations and about an order
of magnitude lower than is commonly observed in nat-
ural populations of vertebrates. (In an ideal population
such as the one modeled, mutation-drift equilibrium is
reached when H = 4N, mA 1 + 4N.m)[Crow & Kimura
1970].)

Immigration

For a captive or otherwise isolated population of a
species that retains relatively large populations else-
where, immigration of individuals from the large source-
population constitutes a mechanism, similar ¢0 mutation,
for reintroduction of genetic variability. Immigration dif-
fers in several important respects from mutation, how-
ever. Immigration rates can be much greater than are
mutation rates. Moreover, immigration is often under
control of a population manager. Most importantly, ge-
netic variants introduced into a population by immigra-
tion act to restore alleles that formerly existed in the
captive population or the ancestral stock from which it
was derived.

Effects on heterozygosity of immigration from a hy-
pothetical, genetically unchanging, source-population
into 4 population of 120 individuals are shown in Figure
4. Given the standard errors observed around final het-
crozygositics, there is no evidence that an immigration
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Figure 4. Percent heterozygosity retained in popula-
tions receiving an average of 0, 0.1, 0.5, 1, 2, or 5
immigrants per generation from an infinitely large
source population with allele frequencies equal to
those of the initial populations,

rate of 0.1 immigrants or less per generation causes a
biologically significant effect.

Immigration rates as low as 0.5 immigrants per gen-
eration, obtainable for many captive propagation efforts,
strikingly reduce the 1oss of variability from small pop-
ulations. Although it is not obvious in Figure 4, the im-
migration causes genetic variation to approach an
asymptote: The farther from the initial state a population
becomes, the greater the restorative effect of immigra-
tion. Therefore, immigration can bring a formerly iso-
lated and considerably divergent population back toward
the genetic condition of the source population.

Because the degree to which immigration restores
heterozygosity is dependent upon the extent to which
the population has diverged from the source population,
the effect of immigration is much greater on smaller
populations than on larger populations. With moderate
rates of immigration, the long-term (asymptotic ) genetic
fate of a population is almost independent of population
size (Fig. 3).

Selection

Three types of selection were modeled: directional se-
lection in which one homozygote has superior fitness
to the other and the heterozygote has intermediate fit-
ness, balancing selection in which the heterozygote has
superior fitness and the two homozygotes have equal
fitness, and distuptive selection in which the heteroz-
ygote has inferior fitness and the two homozygotes have
cqual fitness. As expected, under strong selection (Fig.
6A: relative fitnesses of 1.0:0.8: 0.0 for directional se-
lection; 0.8:1.0:0.8 for balancing selection; and
1.0:0.8: 1.0 for disruptive selection), balancing selec-
tion maintains allele frequencies and heterozygosity,
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Figure 5. Percent beterozygosity retained in popula-
tions of size 20, 60, 120, or 240 receiving 1 immii-
grant per generation from a source population.

while directional and disruptive selection rapidly fix one
allele in each population and thereby deplete genetic
variation. Under symmetrical distuptive selection, about
half the populations are fixed for one allele and half are
fixed for the other. All populations were fixed for the
selectively favored allele under directional selection.

Fitness differentials of 20 percent are probably rare,
although such strong natural selection has been reported
for some polymorphic traits { Endler 1986). Under more
moderate selection (relative fitness of 1.0:0.95:0.90
for directional selection; 0.95:1.0:0.95 for balancing
selection; and 1.0:0.95: 1.0 for disruptive selection),
the trends in heterozygosity are the same, but dimin-
ished (Fig. 6B). Over five to 10 generations, 4 5 percent
fitness differential has little effect on levels of genetic
variation. Weak sclection pressures (Fig. 6C, relative fit-
nesses of 1.0:099:098 for directional selection;
0.99: 1.0 :0.99 for balancing selection; and 1.0:0.99:1.0
for disruptive selection) affect heterozygositics, but the
cffects are hardly discernible over the background noise
of random. drift. This is in accord with analytical results
of Kimura { 1955), Robertson (1962), and others { Crow
& Kimura 1970, Wright 1969) that show that selection
is effective over random genetic drift when the product
of the effective population size and the selection coef-
ficient is much greater than one.

Population Subdivision

Captive populations are often fragmented into partially
or wholly isolated subpopulations, each consisting of a
breeding population held by a zoo or a group of zoos
in close geographical proximity or in close cooperation.
One effect of this subdivision is to allow genetic differ-
entiation to develop between subpopulations, as a result
of genctic drift or differential selection on the subpop-
ulations inhabiting different environments (Chesser et
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Figure 6. Percent heterozygosity retained in popula-
tions subjected to no selection, balancing selection,
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strong selection (relative fitnesses of 0.8: 1.0: 0.8,
10:08: 10, and 1.0:0.8:0.6); (B) moderate selec-
tion (relative fitnesses of 0.95: 1.0: 095,

L0:095: 1.0, and 1.0:0.95:0.90); (C) weak selec-
tion (relative fitnesses of 0.99: 1.0 : (099,
1L0:099:1.0 and 1.0:0.99:0.98).
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al. 1980). Furthermore, because the subpopulations are
necessarily smaller than is the total population and be-
cause each subpopulation would occupy a nacrower
range of habitats than does the total population, rwo
processes that deplete genetic variation will be en-
hanced in isolated subpopulations relative to a panmictic
population. Genetic drift will incvitably be greater in
fragmented subpopulations; and while heterogeneous
selection on large populations utilizing diverse habitats
can maintain genetic variation (Levene 1953, Levins
1968, Hedrick et al. 1976, Taylor 1976, Lacy 1982),
directional selection on isolated subpopulations for traits
advantageous in narcow habitats would deplete variation
(Karlin 1982).

Figure 7 illustrates the effect of dividing a population
of 120 individuals into one, three, five, or 10 fully iso-
lated breeding units. Average within-subpopulation het-

A, ABSOLUTE SUADIVISIAON

100 oy RRLL
|+ ! 2 "-“C A e R e S R—— 4
- T "Zz.g 2, &!DEE"‘“—'!\_‘J ] !q+
1 —1
a w ll’ M—\‘ﬁ"i""“‘v!f %‘g'b'\‘\-‘ a9
2
) .« 3, '-z M k|
o 4 ¥y r b 1
> 70 ) L 7
9 4 £ l.z_‘{_l_al‘
C o e 1 L L]
o “ L] te,
W L 4 A. B
% u !'s.“ Eitae, b
A, 1
ot Fl Fhay Ll'tu-g A0
Eal L} !.’ .,
+ R el L2y
TS 4 : 23y sn-lr ]
4 Tay,
[ Ay L
- . S :.!_’
we B0 1 "4.4_‘_ ‘",,} J2a
“""4.‘
10+ gy T1y gy
£l 444“44“4441 WY R
[ — a
18 [ 1 4a na LU L] L] 9 106G
Ganeratian
C. 1 MIGRANT/GENERATION
100 m e
B e
] .
!0 :l.’ Ly 2 — . ]Sd

3 tegy Q!Frﬁb{—u—xh\; } 5
. -4:'.,1‘ 2, ‘\‘\\J\‘{,—F‘L“-,:—_\:“ Mm+2+ﬂ+4
‘ ",, ‘leu’- g g FEE l!'z""_“,_. ‘\'\‘ {0

4
b e \z{
' Ll L
1 sy Ergy m{d{'Z

-
&

-
2

L g I"‘l'l 1
FRATE VR ¥ .
tal i T T
a0+ ‘a ll-,_. EET]
5.4. ." . a
FI g A, g Al
44,
L,
n R EEL]

Aoy
g A ded Fhtdg,
g

X imitial Heternzynosity
[

b Y

REL

&

° t] L] L] A0 L] L1 0 .1} ] 104
Genaration

Lacy

erozygosities {shown by points unconnected by lines)
are strikingly diminished when the population is frag-
mented, while total gene diversity within and between
subpopulations (points connected by lines) is better
maintained by population subdivision.

Total gene diversity in 2 highly fragmented population
asymptotes at a high level. In each generation some of
the variation formerly present within each subpopula-
tion is converted to variance between populations as
the subpopulations randomly diverge. This between-
subpopulation variation is then protected from further
decay due to genetic drift. When subpopulations be-
come totally inbred (no heterozygosity within subpop-
ulations), total variation is fixed at a level equal to the
between-subpopulation genetic variation. Maintenarnce
of total variation in simulated populations depends on
the persistence of each subpopulation at a constant size,

B. 0.5 MIGAANTS/GENEARATION

i

2 s e -

= LY 3 | e Sutiias, SR S 4« 42
] 4 Lt 4
oy | g . R = 4 a
@ )
8 i 4 \ ] , ., 1\_.\“_"\

7 g LY + H7a
= 1 e T
o TR 25,
e 89 b ” y L 1 {60
u -4 |
= . ey axRal
Baa | ‘ 3 . 2y2® '-a'!-!-l.!.u,,_-z 1m0
- 4 “ Taytyy " a4 fa
@ M . LR «

4. LR ST

b Moa g, REEPYIReY S L LR $a
p TR wi, 0
c ‘e,
- RPN

Eo Yy, a, - 24
" ETE P Ve 4.‘_‘_‘_4_‘1 b4

1 Jig

1] e M a
1 7] 20 a0 sa & 36 Ap =6 o0

Genaratian

8. 9 MIGAANTS/GENERATION

&
1

hop gy,

an 1_;,‘ .
- 4 yeey
ﬂn o ““:n—‘

o LE B B
8 ““ h”“"":'l ’t"‘a g 32
Q7 o "*""l"tf-g}_"" .
o ey “on 1,_,-"-: 1}-:-1
§%r kgt heidy s Hat
- Al "‘44'4‘44-44
a
o
T 48
—
el
c£% - { Panmixia
=
a®p 2. 3 Subpepulations
3. 3 Subpopulatiaons
14
4. 10 Subpapulatiaons
4

10 L] L 40 =5 Bd kL L1}
Generatian

Figure 7. Percent heterozygosity retained within subpopulations (points and nwmbers not connected by lines)
and total beterozygosity retained within and between subpopulations (points connected by lines) in populia-
tions of total size 120 divided into 1, 3, 5, or 10 subpopulations. (A) no migration beltween subpopulations,
(B} 0.5 inter-subpopulation migrants per generation; (C) 1 migrant per generation; (D) 5 migranis per genera-

tion
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however. If some subpopulations were ta go extinct,
some berween-population diversity would be lost with
thern.

Subpopulations need not be totally isolated. As few as
0.5 inter-subpopulation migrants per generation {over
all subpopulations, not per subpopulation) will re-
duce inbreeding within subpopulations { compare within-
subpopulation heterozygosities in Fig. 7B to those in
74). Higher rates of migration between subpopulations
(Fig. 7C and 7D) bring both the within-subpopulation
heterozygosities and the total gene diversities closer to
the heterozygosity expected under panmiyia Theoretical
analyses (Wright 1969) and simulations {not shown)
demonstrate that the effect of migration between pop-
ulations on preventing divergence among subpopula-
tions is dependent upon the number of migrants per
generation, and independent of total population size.

Migration reintroduces genetic variation to subpop-
ulations, causing within-subpopulation heterozygosities
to level out after an initial rapid decline. (As was the
case for immigration from an external population, mi-
gration berween subpopulations only becomes effective
after populations have diverged and lost variability.) By
preventing subpogpulations from becoming fixed with
different genetic compositions, migration also prevents
the subdivided population structure from retaining large
total gene diversity. Under high rates of migration (Fig.
7D) subdivided populations do not retain within-sub-
population variation as well as do panmictic populations,
nor do they retain measurably more total variation.

Figure 8 compares the effects of different rates of
migration between subpopulations of a population di-
vided into five breeding units of 24 individuals. Increas-
ing migration lessens inbreeding within subpopulations,
though not until generation 10 or beyond. Very low
levels of migration perhaps actually increase total ge-
netic variation maintained relative to the no migration
case, while higher rates of migration bring total heter-
ozygosity down.

Interaction Between Selection and Population Subdivision
By augmenting genetic drift within subpopulations, sub-
division alters the effectiveness of selection on small
populations. Strong directional selection usually over-
whelms genetic drift (Fig. 94 ), even in highly subdivided
populations. (About 1 percent of subpopulations of 12
individuals will be fixed for an aliele strongly opposed
by selection.} With more moderate selection, genetic
drift within subpopulations prevents selection from being
wholly effective (Fig. 98). Among subpopulations of 12
individuals each, an average of 22 percent became fixed
for the allele whose homozygote had 10 percent lower
fitness than did the other homozygote. The selectively
disadvantageous allele also remained longer within sub-
populations of 24 and 40 individuals (five and threc
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Figure 8. Percent beterozygosity refained within sub-
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per generation.

subpopulations, respectively) than it did within a pan-
mictic population of 120. Weak directional selection
(not shown), with only minor effects on a panmictic
population, had no effect on the fate of alleles in sub-
divided populations.

The heterozygosity-preserving effects of balancing
selection are also diminished by drift within small sub-
populations (Figs. 9C and 9D). Balancing selection slows,
but does not stop, fixation of alleles in small subpopu-
lations, therefore also countering potential advantages
of population subdivision. Rather than maintaining total
heterogeneity by fucthering between-subpopulation ge-
netic differentiation, subdivision of a population under
balancing selection causes a greater loss of total heter-
ozygosity than would occur if the population were
panmictic.

Discussion

Flesness { 1977), Denniston ( 1978), Chesser et al. (1980),
Allendorf (1983), Chesser (1983), Fuerst and Maruyama
{(1986), and Foose et al. (1986) have made recommen-
dations about the optimal genetic management of cap-
tive populations. The simulations presented bere provide
further basis for making decisions about the genetic man-
agement of small populations. The goal of presenting
simulations is not to prescribe a population size and
structure to be used in the management of all popula-
tions: The opportunities, constraints, and goals of captive
propagation. programs are too diverse to permit such
broad recommendations. Simulations, however, can help

Conservation Biology
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ON SUBDIVIDED POPULATIONS

104
1. Panmixia {aa
2. 3 Subpopulations
3. H Subpopulatinns
4, 10 Subpopulations 17

-
-3

2

EEL]

"
-

148

»
H

X initial Heterozygosity
8

4,

-
o
T

\,\_ AL

e, . +4

1ia 28 1 A0 a0 [T] T 40 5 100
Generaktign

C. STRONG BALANCING SELECTION

ON SUBDIVIDED POPULATIONS

S
» ’! n! "‘&"?-z.

sik"!"‘ 113

o
o
o
e

F3ay. Ay
“ !-""!'33},'! 3338 !-3.’_’_!_‘_, "
4y Ly 3

- L
2 @ 2
v T
[
»
s
&
L
]
g =

4,
A
Agged.
4.4

Ay 444
"4-4.4,‘_

»
o

2
RAT= {20
g JOL

¥ initial Heterozyoosity

B
[

o
-
o

i 20 EL] EL] L1} BQ M L] wa a0
Generatian

8. MODERATE DIRECTIONAL SELECTION
ON SUBOIVIDEO POPULATIAONS

X imitial Heterozygosity .
8 4 &5 £ 2 ¢ 2 B C

. \-—-._
a
“'4.4 —"W sg,”_ 2'1- 1a «1»2
1. 8|
4“4“44.4“4",—3‘ Sis +13

1@ 2a M 44 5a ad 1 ] 5 10
Generatian

o
t

-
1

n

D. MOOERATE BALANCING SELECTION
aN SUBDIVIDED POPULATIANS

140 \i 108
Fa
WY 3:5{5?::4 S [

an (32 = ) S £

> Yy, TRy, TN T 4 fe
it | 222 !"_,_.-._!
= 'y Teitapay -.-r—y-—-—-as\,_ﬂ_,‘“_ia
] 2
o o Zpaag, "
Dup Lo tagneidy £
o “ vhy #2230, 204
=] "1y r 3 2
Cowor 4 'y 184
a 4 .
1.
';J' “ 3y, w
I = r - LEFE BT
a4
'; 40 ] 1Ry {48
- 4 3349
o] Taas.
- . Iy
Rl q 140
b= . “1v3a |3
Ay |
E ey 20
i,
o A kidtas T}
kg
Addended 4
a

a
1 2q 1] 4 5d Ba M L L] & 100
Generatian

Figure 9. Percent beterozygosity retained within fully isolated subpapulations (points not connected by lines)
and total beterozygosity retained within and between subpopulations (points connected by lines) in popula-
tions divided into I, 3, 5, or 10 subpopulations subjected to selection. (A) strong directional selection (relative
Jitnesses of 1.0:0.8: 0.6, except for total beterozygosity in 10 subpopulations, all beterozygosities bave mean
and standard ervor zero by generation 50); (B) moderate directional selection (relative fitnesses of
1.0:0.95:0.90); (C) strong balancing selection (relative fitnesses of 0.8: 1.0: 0.8); (D) moderate balancing se-

lection (relative fitnesses of 0.95: 1.0:0.95).

to define the effects that different management strategies
will have on the genetic constitution of a population.
With such knowledge, management plans can become
tailored, informed attempts to achieve the long-term
genetic goals of captive propagation.

Genetic drift is commonly the most powerful evolu-
tionary force acting on small populations, so0, to a first
approximation, management concerns can be focused
solely on effects of drift. Under stringent condirions of
selection and/or population structure, imposed artifi-
cially or naturally, other evolutionary forces can over-
come the stochastic effects of drift. Genetic drift is a
sampling phenomenon, and thus can be mast effectively
contolled by keeping large (effective) breeding popu-
lations. In unmanaged populations, many individuals
contribute little or nothing to future generations, and
careful management of a population is usually necessary

Conservation Biology
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to assure that the genetically effective population size
is not greatly smaller than the censused population (Foose
1977, Flesness 1977, Foose et al. 1986). Chesser (1983)
points out that increases in the effective population size
by demographic management may not be sufficient to
slow drift adequately, and even suggests that “exclusive
focus on population size can have disastrous results for
the management of genetic resources.” He then para-
doxically discusses various means of managing the de-
mography of a population to increase the cffective
population size {by managing migration between sub-
populations) and thereby decrease inbreeding.
Mutation can reasonably be ignored as an evolutionary
force in small captive populations. For example, a cap-
tive population of 100 individuals is unlikely to expe-
rience a mutation in any indjvidual at more than 10
percent of its genetic loci over 100 generations. More-
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over, the minor additional variation inserted into a cap-
tive population by mutation over any timespan of human
interest is likely to be counterproductive for the goal of
preserving the genetic uniqueness of a population.

One approach o the question of what size captive
population is needed o preserve sufficient variability
for long-term viability is to determine the number that
would maintain adequate heterozygosity when at mu-
tation-drift equilibrium. For example, Franklin (1980)
suggested that a population of 500 would be sufficiently
large to be in mutation-drift balance for adequate vari-
ability of quantitative (polygenic) traits. {Franklin's es-
timate was hased on papers by Lande [ 1976] and others
that suggested mutation could maintain considerable
variation for quantitative traits under moderate stabiliz-
ing selection. Turelli [ 1984] questioned Lande’s conclu-
sions, showing that with somewhat different [and perhaps
more realistic ] assumptions about mutation rates, phen-
otypic effects of mutation, and the intensity of selection,
mutation is much. less capable of maintaining variation
in a selected trait.} Franklin’s estimate has ofien been
proposed as a guideline for management of endangered
species {e.g., Soulé & Wilcox 1980, Frankel & Soulé
1981, Schonewald-Cox et al. 1983} and has been applied
to management plans for the Siberian tiger (Foose & Seal
1981, Foose 1983),

The use of a mutation-drift equilibrium. model, or per-
haps any equilibrium model, for the management of small
captive populations may be misguided, however. Ar
equilibrium, heterozygosity remains constant, but the
genome does not. Allelic losses still occur due to drift,
but those alleles are replaced by new, generally different
mutations. In a natural population, most new mutations
are lost by drift, a few increase to sufficient frequencies
to be subject to the positive or negative force of selec-
tion, and the population slowly evolves. In a captive
environment, such changes also occur, but selection is
likely to be very different from that experienced by a
population living in a2 more natural habitat. While in
mutation-drift equilibrium, a captive population may be
rapidly evolving into something quite different geneti-
cally from what it was initially. Unless captive propa-
gation seeks to create domesticated stocks or to make
specific changes in the genctic make-up of a population,
genctic captive-management plans should aim for a ces-
sation of evolutionary processes to the extent possible,
(Planned genetic alteration of a population might oc-
casionally be necessary to assure survival in captivity or
other highly modified enviconments, and this consid-
eration may override concerns about preservation of an
unaltered population [Templeton & Read 1983, Foose
ct al. 1986].)

For assessing success in preserving the genetic chag-
acteristics of a population, captive management plans
should be concerned with the loss of the variation pres-
ent in the founding population. The consensus that arose
from the 1984 Front Royal conference to strive for a
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retention of 90 percent of heterozygosity for 200 years
(Soulé et al. 1986) reflects a recognition of the non-
equilibrium nature of genectic management of captive
populations.

Fuerst and Maruyama (1986G) also stressed the lack of
equilibria in early generations of captive breeding, point-
ing out that most rare alleles present in nacural popu-
lations waould not be sampled when a small number of
founders is obtained to begin captive breeding, or would
be lost within the first few generations of captivity. Be-
cause rare alleles are lost during bottlenecks much more
rapidly than is heterozygosity, Fuerst and Maruyama
( 1986) recommend that emphasis be placed on the pres-
ervation of allelic diversity and, therefore, that larger
founding populations than those suggested by studies of
heterozygosity will be needed. Unfortunately, except for
short-term captive propagation plans, it is unlikely that
sufficient wild stock can be obtained and sufficient cap-
tive stock maintained to give much hope for the pres-
ervation of rare alleles. Managers of very small populations
may be forced to focus efforts on minimizing the dele-
terious consequences of severe loss of heterozygosity.

If a large wild population exists and can be used to
supplement the captive population, periodic immigra-
tion {capture of new founder stock} can drastically re-
duce drift of the captive population away from the genetic
characteristics of the wild population. As few as one
immigrant per two generations would be beneficial, and
five or more immigrants per generation would virtually
halt genetic drift within the captive population. [mmi-
gration into very small populations is especiaily effective
(and important), as loss of genetic variability is almost
independent of population size when immigrants are
introduced at a rate of one or more per generation. A
population of only 20 individuals that receives an im-
migrant per generation. retains almost as much genetic
variability as does a population an order of magnitude
larger. Because immigration reverses extant genetic dif-
ferentiation between captive and source populations,
sporadic immigration at the same long-term average rate
can be just as effective as is a regular schedule of im-
migration in maintaining a population close to its initial
state.

For an endangered species, there may be no large
source-population available. If the captive population is
much larger than is the wild population (as with Siberian
tigers ), migration into the wild population from the cap-
tive population can help to maintain genetic variabilicy
in an endangered wild population that otherwise might
experience excessive inbreeding. If both the wild and
captive populations are small, migration berween them
could give to both some of the advantages of a popu-
lation size equal to their combined numbers (see resuits
and discussion concerning population subdivision ).

Selection can deplete, maintain, or even augment ge-
netic variation, yet magnitudes of selection likely to act
on populations not under artificial selection are not ef-
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fective when populations are of a size typical of captive
populations. The inefficiency of selection in the face of
rapid genetic drift suggests that some concerns and some
hopes of captive propagation are unlikely to be realized.
The altered environment of captivity creates new selec-
tive pressures not experienced by a natural population,
and releases the captive population from selective con-
straints experienced by the wild counterpart. Unless some
traits are strongly deleterious or advantageous in a cap-
tive environment { causing perhaps a 10% differential in
mortality between those individuals with the traits and
those without), response to selection for “captive” traits
is unlikely to be apparent amid random fluctuations in
allele frequencies. Inadvertent and unavoidable selec-
tion for domestication has probably not produced “zoo
species” in which genetic characteristics important to
survival in the wild have been selected away. ( Behavioral
changes in captive populations are much more likely to
cause problems for reintroduction programs.}

Unfortunately, the inefficiency of selection also means
that drift will often fix deleterious alleles by chance in
small captive populations. Genetic variants poorly
adapted to either a captive or wild habitat may become
prevalent in long-term captive populations. If continued
survival and propagation of a species seems threatened
by genetic changes occurring in the captive population,
it may be necessary to impose strong artificial selection
for a zoo-adapted, domesticated animal.

By dividing a captive population into several subpop-
ulations (management units for breeding loans, trades,
and sales), more of the genetic variability originally pres-
ent in. the founding stock can be maintained overall. The
genetic cost of population subdivision is increased in-
breeding within each subpopulation, and greater diver-
gence of individual subpopulations from the genetic
characteristics of the founders (Chesser et al. 1980,
Chesser 1983).

The frequency of movement of animals between cap-
tive populations determines whether a species is man-
aged as one interbreeding population or a number of
more or less isolated subpopulations. An often-cited (eg.,
Spieth 1974, Frankel & Soul¢ 1981, Hedrick 1983, Foose
et al. 1986) theoretical resulr is that when the number
of migrants per generation much exceeds one, the sub-
divided population behaves as though it were panmictic
(Moran 1962). As shown in Figure 7D and Figure 8,
however, five migrants per generation are not sufficient
to bring the population to effective panmixia. Even 20
migrants per generation were not sufficient to prevent
fully loss of genetic diversity within, and divergence
among, subpopulations (simulations not shown). Allen-
dorf and Phelps (1981) found that 10 migrants per gen-
eration were insufficient to prevent significant divergence
among subpopulations in their very similar computer
model of genetic drift in subdivided populations. The
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difference between 20 and “greacer than one” may not
be important to the theoretical results, but it certainly
ltas meaning to the population manager.

Fuerst and Maruyama { 1986) considered the fate of
allelic diversity in subdivided populations. Pointing out
that care alleles are likely to be lost in small populations
(even if substantial heterozygosity remains), and that
most subpopulations would retain only the common
alleles of the source population, they suggested that pop-
ulation subdivision is not beneficial to the preservation
of allelic diversity. To the contrary, a subdivided pop-
ulation structure may bhe the only way to preserve allelic
diversity in small populations. In the absence of balanc-
ing selection, eventually all alleles but one would be lost
at each genetic locus of an isolated population. The prob-
ability that a neutral allele will be cetained is equal to
its initial frequency. Thus, a neutral allele with initial
frequency in the source population of 0.01 has a 1 per-
cent chance of being sampled and retained in any
population. If 10 subpopulations are maintained, the
probability that at least one will retain a rare aliele is
about 10 times the probability that a single panmictic
population would retain the aliele. (In the excreme, a
clonally reproducing organism, with as many subpop-
ulations as individuals, would never lose allelic diversity
so long as all lines were maintained. )

Even in the first few, nonequilibrial, generations, a
subdivided population will rerain allelic diversity better
than would a panmictic population. The probability that
a race allele is initially sampled from the wild population
is not dependent upon how founders are partitioned into
breeding groups for production of future generations.
After the initial sampling, rare alleles will be present at
much higher frequencies in those subpopulations where
they exist than they would have been in a panmictic
population, and this belps protect them from random
loss. Mathematically, the probability of loss from a ran-
domly mating population in any one generation is (1 —
p)™, in which p is the allele frequency and 2N is the
number of alleles in the population. The probability of
loss in any one generation from all k equal-size subpop-
ulation is

(1= p ™+ (1= pa) Mo+ (3 = )&

= {(L=p) (= pa) = (3 = )P

= [geometrical mean of (1 — p )™,

in which p; is the frequency of the allele in subpopulation
i. The frequency of any allele in the panmictic population
will be equal to the arithmetic mean frequency across
the subpopulations, ([1 — p,) + (1 — p,) + ...
+ (1 - pk)]/k = (1 — p)), and thus the probability of
loss from thie panmictic population is [arithmetic mean
of (1 —p)™™. The goemetric mean of a series of numbers
is smaller than or equal to the arithmetic mean. Thus
the probability of loss from all subpopulations is always
less than the probability of loss from the one panmictic



Lacy

population. Contrary to Fuerst and Maruyama (1986),

perhaps the most beneficial result of population subdi- .

vision is the greater conservation of allelic diversity.

Population subdivision also slows the genetic re-
sponse of a population to selection because it increases
genetic drift within subpopulations where selection
would act. By inhibiting directional selection, sub-
division will help maintain variability and will slow
inadvertent domestication of captive stocks. (If whole
subpopulations were selectively eliminated after sub-
populations have diverged [between-population selec-
tion), perhaps with the intent of climinating less
successful stocks, there would be considerable loss of
genetic diversity.) Although not modeled here, different
selection pressures among subpopulations can also
maintain genctic variability (reviewed by Hedrick et al.
1976, Karlin 1982). '

To the extent that balancing selection (favoring het-
erozygotes within each population) maintains genetic
variability (an issue under much debate among evolu-
tionary biologists), the increased drift that occurs with
subdivision will push populations away from equilibria
maintained by balancing selection and thereby cause
loss of adaptive genetic variability. The disruption of
balanced equilibria by drift is simply a restatement, in
causal terms, of the deleterious effects of inbreeding
(“inbreeding depression”) in subdivided papulations.
Concern about the reduced efficacy of balancing sclec-
tion should be tempered, however, by the realization
that natural selection on captive populations is probably
quite different from natural selection on wild popula-
tions. Polymorphisms maintained by balancing selection
in the wild may not be protected by balancing selection
in captive populations.

Chesser et al. (1980} suggested a management scheme

for using subdivision to maximize balancing selection

in order to preserve polymorphism in small populations.
In examining equilibrium models of polymorphism, they
point out that polymorphism can be maintained indef-
initely in a small population only if there is strong bal-
ancing selection. They proposed to let subpopulations
become partially inbred, so that the general heterosis
(hybrid vigor) produced with subsequent migration
would result in temporary strong balancing selection on
the genome. If there is much variation that is not strongly
adaptive in a captive environment, however, or if the
time scales of conservation goals are finite (on the order
of tens to perhaps hundreds of generations), then prac-
tices aimed at slowing evolutionary processes are prob-
ably more desirable.

Slatkin { 1981} presented both analytical and simula-
tion analyses of the efficacy of selection in a subdivided
population with migration between subpopulations. He
found that when migration is low (less than about 0.5
per generation), the ultimate result of selection (prob-
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ability of fixation of a favored allele) is quite similar to
the case of minimal migration; when migration. is much
ahave one per generation, the ultimate response was
usually similar to the case of a panmictic population.
The times to fixation (i.c., the rate of response rather
than the ultimate result of selection) always increased
with decreasing migration between subpopulations. Thus,
as would be expected from the simulation results pre-
sented here, increasing isolation of the subpopulations
slowed the rate of evolutionary change.

Allendortf {1983 ) recommended a management strat-
egy of 1 migrant per generation among isolated pature
reserves, painting out that low levels of migration pre-
vent the total loss of alieles from local populations, while
not preventing adaptive genetic divergence. My simu-
lations suggest that that level of migration might be ad-
vantageous among small captive populations also,
alchough the costs and benefits of subdivision of captive
populations are perhaps somewhat different from those
for populations managed in nature rescrves. Random
genetic divergence between subpopulations allows for
better maintenance of alleles and total gene diversity,
but local adaptation of subpopulations resulting from
differential selection might be an unfortunate conse-
quence of captive propagation programs aimed at even-
tual restaration of diverse gene pools in more natural
habitats. ( As pointed out above, however, I see selection
as relatively inefficient in smafl subdivided populations.)
Also, while Allendotf emphasizes preventing the total
loss of allelic variants from populations, [ worry more
about potentially severe losses of heterozygosity and any
consequent loss of fitness. Reintroduced populations and
augmented remnant wild populations will need both
allelic diversity and moderate levels of heterozygosity
to become securely reestablished.

The value of population subdivision to captive prop-
agation depends considerably on the time scale for which
captive management goals are set. The genetic cost of
subdivision occurs primarily in early generations, as in-
breeding is especially rapid over the first 10 (o 20 gen-
erations. The bencfit of improved maintenance of total
variability and the ability of between-subpopulation mi-
gration to reduce inbreeding both become apparent only
after 10 to 20 generations, because hoth are dependent
upon genetic divergence of subpopulations. For short-
term management plans, there would be no genetic ad-
vantage to subdivision of the population, although iso-
lation of smaller breeding groups may be important in
the prevention of catastrophic disease outbreaks. For
very long-term management (30 or more generations ),
the optimal management plan might be to subdivide the
captive population into units of perhaps 20 breeding
individuals each and then carefully to regulate inter-unit
migration at the lowest level that does not lead to un-
acceptably deleterious effects of inbreeding. Apparently

Conservation Biology
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more concerned about the effects of inbreeding, Foose
et al. (1986) recommended keeping subpopulations sizes
greater than 25, and preferably between 50 and 100.
Unfortunately, the maximum acceptable level of in-
breeding almost certainly differs among species. Cur-
rently, information does not exist for any species that
would allow accurate determination of the degree of
inbreeding that would jeopardize long-term survival.

Population subdivision is reversible, however, up to
the point that one or more subpopulations go extinct.
If a preliminary plan for subdivision seemed not to be
producing desired results, subpopulations could be
merged to produce a panmictic population rthat almost
always would be more diverse genetically than it would
have been had it never been subdivided. Unforcunately,
such a reconstituted panmictic population, while high
in genetic diversity and with allele frequencies approx-
imating those in the founders, may be rather different
from the ancestral stock with respect to genetic linkage
relationships. On the other hand, if a captive population
is kept panmictic there is no way to recover genetic
variants that are lost by drift without introducing new
founder stock from the wild.

Perhaps the biggest difficulty in a management plan
centered around a divided breeding population. lies in
administeation. Moderate levels of migration cancel the
genetic benefits of subdivision, and more quickly so than
the genetic costs of inbreeding are removed. For pop-
ulation subdivision to be a useful management tool,
movement of animals between breeding units must be
strictly controlled. Two or three unplanned movements
per generation could turn genetic benefits into costs.
For example, a highly subdivided population (10 sub-
populations of 12 individuals each) with high migration
rates (5 to 10 migrants per generation over the total
population) will suffer effects of moderate inbreeding
within subpopulations and yet likely retain no more total
gene diversity than would a panmictic population. Un-
fortunately, many captive breeding programs currently
result in just such a population structure. Given the
primitive state of knowledge about the effects of pop-
ulation subdivision, management plans need to be care-
fully monitored and revised when necessary.

A preliminary attempt has been made to use computer
simulations to explore some genetic consequences of
evolutionary forces acting on managed populations. Much
more detailed examination of the genetics of small pop-
ulations is possible by computer simulation. There is
perhaps a greater need at this point, however, to obtain
empirical data on genetic responses by particular species
of interest. If possible, work should focus on developing
generalizations that allow prediction of cthe genetic be-
havior of a population based on knowledge of its biclogy
and the biology of taxonomically and ecologically sim-
ifar organisms. As empirical data on the effects of in-
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breeding, the importance of genetic variation to captive
and wild populations, and the factors maintaining or
depleting variation are gathered, computer modeling can
focus on factors of most importance, using appropriate
parameters. Computer models such as the one presented
here can be useful almost immediately in the comparison
of possible alternative management plans being consid-
ered for species propagated in captivity.
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