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The Population Viability Assessment Workshop:
A Tool For Threatened Species Management

introduction

Population viability assessment
(PVA) is a procedure that allows man-
agers to simulate, using computer mod-
els, extinction processes that act on
small populations and therefore assess
their long-term viability. In both real
and simulated populations, a number of
interacting demographic, genetic, envi-
ronmental, and catastrophic processes
determine the vulnerability of a popula-
tion to extinction. These four types of
extinction processes can be

b
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cooperation with the Chicago Zoologi-
cal Society (CZS) and was held at the
Arthur Rylah Institute for Environ-
mental Research (DCE), Heidelberg,
Victoria, from May 28 through June 1,
1990.

The objectives of the workshop
were 10: 1) examine the adequacy of
data on the six threatened species; 2)
simulate the vulnerability to extinction
by using PVA; 3) examine outcomes of
various management options to restore
the species; 4) estimate population tar-

simulated in computer models
and the effects of both determin-
istic and stochastic forces can be
explored. In turn, the outcome of
various management oplions,
such as reducing mortality, sup-
plementing the population, and
increasing carrying capacity can
also be simulated. Thus, PVA
provides managers with a power-
ful tool 10 aid in assessing the
viability of small populations
and in setting target numbers for
species recovery as a basis for
planning and carmrying out recov-
ery programs. In addition, hav-
ing performance-based manage-
ment programs enables progress
to be quantified and assessed.
PVA also offers managers a
powerful strategic planning and
policy tool when vying for lim-
ited financial resources. This
paper describes a PVA workshop that
used a stochastic computer simulation
to model small populations of, and ex-
plore management options for, six
threatened/endangered wildlife species
in Victoria, Australia.

The Workshop

The workshop was co-sponsored
by the Department of Conservation and
Environment (DCE), Victoria, and the
Zoological Board of Victoria (ZBV), in

Mountain pygmy-possum

gets needed for recovery planning; 5)
evaluate the potential of PVA as a teach-
ing aid to illustrate extinction processes
and management options.

The six species were: mountain
pygmy-possum, Burramys parvus;
leadbeater’s possum, Gymnobelideus
leadbeateri; eastern barred bandicoot,
Perameles gunnii; long-footed potoroo,
Potorous longipes; orange-bellied
parrot, Neophema chrysogaster, and
helmeted honeyeater, Lichenostomus
melanops cassidix.

Photo by Ian McPherson

The 32 people attending the work-
shop represented experienced field bi-
ologists and wildlife managers with
detailed knowledge of these and other
threatened species. A month prior to the
workshop all participants were pro-
vided with background reading material
(c.g. Shaffer 1981, Brussard 1985,
Samson 1985, Gilpin 1989, and Lacy
and Clark 1990). A questionnaire on
life-history parameters to be completed
on each species as a basis for entering
values into the computer was also pro-
vided. Following an introduction
and overview of PV A, the partici-
pants formed teams and com-
menced work.  Simulations,
analyses, and discussions were
ongoing over the next five days.
The first week concluded with a
report and review of each team'’s
progress. During the following
week, teams further refined their
simulations and commenced
preparation of a final report with
management recommendations.

Population Viability Analy-
sis: The Vortex Model

The workshop used a com-
puter program, VORTEX, to
simulate demographic and ge-
netic events in the history of a
small population (<500 individu-
als). VORTEX was written in the
C programming language by
Robert Lacy for use on MS-DOS micro-
computers. Many of the algorithms in
VORTEX were taken from a simulation
program, SPGPC, written in BASIC by
James Grier (Grier 1980a, 1980b, Grier
and Barclay 1988). See Lacy et al.
1989, Seal and Lacy 1989 and Lacy and
Clark 1990 for earlier uses of VOR-
TEX.

Life table analyses yield average
long-term projections of population
growth (or decline), but do not reveal
the fluctuations in population size that
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would result from variability in demo-
graphic processes. When a population
is small and isolated from other popula-
tions of conspecifics, these random
fluctuations can lead to extinction, even
in populations that have positive popu-
lation growth on average. Fluctuations
in population size can result from sev-
eral levels of stochastic effects. Demo-
graphic variation results from the
probabilistic nature of birth and death
processes. Therefore, even if the proba-
bility of an animal reproducing or dying
is always constant, the actual number
reproducing or dying within any time
interval would vary according o the
binomial distribution with mean equal
to the probability of the event (p), and
variance given by Vp = p*(1-p)/N.
Demographic variation is thus intrinsic
to the population and occurs in the
simulation because birth and death
events arc determined by a random
process (with appropriatc probabili-
ties). Environmental variation (EV) is
the variation in the probabililies of re-
production and monality that occur
because of changes in the environment
on an annual basis (or other timescales).

VORTEX models population proc-
esses as discrete, sequential events, with
probabilistic outcomes determined by a
pseudo-random number generator.
VORTEX simulates birth and death
processes and the transmission of genes
through the generations by generating
random numbers o determine whether
each animal lives or dies, whether each
adult female produces broods of sizc 0,
1, 2, 3, 4, or 5 during each year, and
which of the two alleles at a genetic
locus are transmitted from each parent
to each offspring. Montality and repro-
duction probabilities are sex-specific.
Montality rates are specified for each
pre-reproductive age class and for re-
productive-age animals. Fecundity is
assumed to be independent of age after
an animal reaches reproductive age.
The mating system can be specified to
be cither monogamous or polygynous.
In either case, the user can specify that
only a subset of the adult male popula-
tion is in the breeding pool (the remain-
der being excluded perhaps by social
factors). Those males in the breeding
pool all have equal probability of siring
offspring.
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Each simulation is started with a
specified number of males and females
in each pre-reproductive age class and
the breeding age class. Each animal in
the initial population is assigned two
unique alleles at some hypothetical
genetic locus. The user specifies the
severity of inbreeding depression
which is expressed in the model as a
loss of viability in inbred animals. The
computer program simulates and tracks
the fate of each population and then
produces summary statistics on: the
probability of population extinction
over specified time intervals; the mean
time to extinction of those simulated
populations that went extinct; the mean
size of populations not yet extinct; and
the levels of genetic variation remain-

. ing in any extant populations.

A population carrying capacity
specified by the user is imposed by a
probabilistic truncation of each age
class if, after breeding, the population
size exceeds the specified carrying ca-
pacity. The program allows the user to
model trends in the carrying capacity,
as linear increases or decreases across a
specified number of years.

VORTEX models environmental
variation simplistically (which is both
an advantage and disadvantage of simu-
lation modelling), by selecting at the
beginning of each year the population
age-specific birth rates, age-specific
death rates, and carrying capacity from
distributions with means equal to the
overall averages specified by the user,
and with variances also specified by the
user. Unfortunately, rarely do we have
sufficient field data to estimate the fluc-
tuations in birth and death rates, and in
carrying capacity, for a wild popula-
tion. The population would have 10 be
monitored long enough to separate
sampling error statistically from demo-
graphic variation in the number of
births and deaths, from annual variation
in the probabilities of these events.
Such variation can be very important in
determining the probability of
extinction, yet we rarely have reason-
able estimates for most populations of
conservation concern. If data on annual
vanation are lacking, a user can try
various values, or model the fate of the
population in the absence of any envi-
ronmental variation.
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VORTEX can model catastrophes
asevents that occur with some specified
probability and which reduce survival
and reproduction for one year. A catas-
trophe is determined to occur if a ran-
domly generated number between 0 and
1 is less than the probability of occur-
rence (i.e. a binomial process is simu-
lated). If a catastrophe occurs, the
probability of breeding is multiplied by
a severity factor that is drawn from a
binomial distribution with a mean equal
to the severity specified by the user.
Similarly, the probability of survival for
each age class is estimated in a similar
manner.

VORTEX also allows the user to
supplement or harvest the population
for any number of years in each simula-
tion. The numbers of immigrants and
removals are specified by age and sex.
VORTEX outputs the observed rate of
population growth (mean of N[t}/N[t-
1]) separately for the years of supple-
mentation/harvest and for the years
without such management, and allows
for reporting of extinction probabilities
and population sizes at whatever time
interval is desired (e.g. summary statis-
tics can be given at 5-year intervals in a
100-year simulation).

Overall, the computer program
simulates many of the complex levels of
stochasticity that can affect a popula-
tion. Because it is a detailed model of
population dynamics, often it is not
practical to examine all possible factors
and all interactions that may affect a
population. The user, therefore, must
specify those parameters that can be
estimated reasonably, leave out of the
model those that are thought not to have
a substantial impact on the population
of interest, and explore a range of pos-
sible values for parameters that are po-
tentially important but very imprecisely
known. A companion program,
VORPLOTS, was used at the workshop
10 produce plots of mean population
size, ime to extinction, and loss of gene
diversity from simulation results.

Equipment Required

VORTEX requires an MS-DOS
microcomputer with at least 640K of
memory. A math co-processor speeds
up the program substantially. The

YORPLOTS plotting program pro-
duces files in the Hewlett Packard
Graphics Language (HPGL), for use on
an HP plotter or equivalent.

A Kodak Dataview EGA enabled
projection of a computer display via an
overhead projector onto a large screen
so that all participants could observe
demonstrations of VORTEX during
initial training.

Computers were used during the
daily sessions primarily for exploratory
analyses with relatively few runs (100
or fewer) of a simulation; more
extensive analyses were run overnight.
A test with 100 runs would take from 15
minutes to 3 hours, depending on the
machine used and the size of the popula-
tion being simulated.

The Workshop Results

Each team documented its activi-
ties and provided a preliminary report
of the simulations completed, conclu-
sions, an assessment of the conduct of
the workshop, and the usefulness of the
PVA process. Results will be published
in peer-reviewed scientific journals by
each team.

All cases showed similar results.
First, most species and populations
were highly susceptible to local
extinction. Any further habitat loss or
fragmentation or reduction in popula-
tion size and density would result in
rapid extinction. Second, in all cases,
more field data would have been help-
ful. Third, management options to
stave off extinction were identified and
results simulated. Options included
strict habitat protection, enhancement
of existing habitat or restoration of lost
habitat, captive breeding, and reintro-
duction of animals to existing habitat
patches in which the species has be-
come extinct in recent decades or to
newly created habitat. Various combi-
nations of management strategies were
recommended for future management.
Fourth, the simulations demonstrated
that if proactive conservation manage-
ment had been undertaken even 5 to 10
years ago when populations and habi-
1ats were considerably larger, the task of
present day managers would be much
more tractable. And fifth, improved
conservation management for all six

species is expected to result from the
PVA exercise, enhanced research, and
subsequent on-the-ground manage-
ment. Three cases illustrate these con-
clusions: the mountain pygmy-possum
(Mansergh et al. in prep.), eastern
barred bandicoot (Myroniuk and Pat-
rick in prep.), and orange-bellied parrot
(Brown et al. in prep.).

Mountain Pygmy-Possum: The
mountain pygmy-possum is a small
marsupial restricted to alpine and sub-
alpine (>1500m altitude) rock screes
and boulderfields with heathlands. The
species has been well studied and much
information is available on its ecology
(Mansergh 1989). Diet consists of in-
vertebrates, seeds, and fruits. Breeding
occurs from September 10 December,
with litter size of 3 to 4. The young
become independent by mid-January.
Females can breed in their first year,
and can live up t0 9 years. An unusual
feature of the life history of Burramys is
the fact that sexes are segregated during
the non-breeding season. The adult
population is heavily biased towards
females (6F:1M) because of the very
high mortality experienced by males
post-dispersal.

The current total population is esti-
mated 10 be 2,300 breeding adults of
which 80% are females. The species is
regarded as vulnerable in Victoria and
rare in New South Wales. The species
is also susceptible to climatic changes
associated with global warming.

The mountain pygmy-possum ex-
ists as a number of discrete populations
isolated from each other on mountain
tops. A total of seven populations, rang-
ing from 20-850 individuals (represent-
ing the situation in the wild) was mod-
elled. High probabilities of extinction
were observed in all small (<150 ani-
mals) populations at 25 and S0 years;
this could account for the absence of the
species from apparently suitable habitat
within its range. The larger populations
had a decreased likelihood of
extinction. When modelled with a
small but steady decrease in carrying
capacity (1% per annum) such as could
occur through climatic change with
global warming, the probability of
extinction increased gready (to 45% in
the case of the largest Victorian popula-

tion of 850 individuals, over 50 years).
{ Continued on UPDATE page 4)
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Disturbance to habitat and further frag-
mentation of populations would in-
crease the likelihood of extinction.

Eastern Barred Bandicoot: The
mainland population of this marsupial
species was formerly distributed over
about 23,000 sq km of volcanic grass-
land in western Victoria. This popula-
tion has now declined to 200 or fewer
individuais restricted to remnant habitat
near Hamilton (Clark and Seebeck
1990). The species is polygynous, with
females capable of breeding from 3
months of age and males from 4 months
of age. Gestation lasts about 12 days,
with litters comprised of 1 to 5 offspring
(usually 2-3); young remain in the
pouch about 55 days. Females are ca-
pable of producing several broods per
year. In spite of the very high reproduc-
tive potential, the population is believed
to be declining at about 25% per annum.
Juvenile montality at dispersal from the
nest is very high (> 90% within the first
year). The decline of the species is
attributed to habitat modification from
pastoral activities and predation from
introduced predators, including the red
fox (Vulpes vulpes ) and the cat (Felis
catus ).

Wild and captive populations of the
eastern barred bandicoot were simu-
lated. Modeling the wild population
using available data without any change
to current management indicated a
100% probability of extinction within
25 years, with amean time to extinction
of 7.2 years (+ 2.1). Doubling the carry-
ing capacity and leaving mortality un-
changed had negligible impact on the
probability of extinction and increased
the mean time to extinction by only 2
years. Doubling the carrying capacity,
reducing mortality by 30% and supple-
menting the wild population with the
liberation of captive-bred animals
greatly enhanced prospects for survival
of the wild population. Under this sce-
nario the probability of extinction was
reduced 0 0% over 25 years with a
mean final population size of close 10
the carrying capacity of 300 animals.
Modeling the existing and proposed
captive populations allowed investiga-
tion of a variety of scenarios. The exist-
ing captive population of 16 pairs hasan
extinction probability of 83% over 25
years, with a mean time to extinction of

21.5 years. Doubling the number of
adult pairs decreased the extinction
probability to 0% but the surviving
population had very low genetic vari-
ability, and there is liale potential to
harvest juveniles for release into the
» - k2

e

wild. Increasing the captive population
to 62 adult pairs increased genetic vari-
ability and the potential to harvest juve-
niles without jeopardizing the captive
population.  Maintaining a captive
population of 62 adult pairs (in two
groups at separate locations to avoid
catastrophe but managed as one popula-
tion) and establishing two semi-captive
populations with a capacity for 400 ani-
mals gave the best prospects for long
term survival, maintenance of genetic
variability, and production of sufficient
offspring to consider reintroductions to
suitable habitat within their former
range. The exercise highlighted the
need for a combination of management
actions, rather than any single action, to
prevent the almost certain extinction of
the wild population under the existing
management regime. Reduction of
mortality by predator control and traffic
management is essential for the sur-
vival of the eastern barred bandicoot.
Captive management will be an impor-
tant part of the recovery program, but
with a more intensive program than that
currently underway.

Orange-bellied Parrot: The biol-
ogy and ecology of the orange-bellied
parrot is comparatively well known
(Loyn et al. 1986). The species isone of
the rarest and most threatened birds in
Australia, with a total population of

150-200 individuals. The orange-bel-
lied parrot breeds in coastal southwest
Tasmania in woodlands adjoining
extensive sedgelands. After breeding, it
migrates across Bass Strait to overwin-
ter in coastal regions of southern main-

Photo by J. Seebeck

land Australia. The birds feed in a
variety of coastal habitats including
grassland, saltmarsh, and dune systems,
showing strong preferences for particu-
lar habitats and food types in different
parts of their winter range and at differ-
ent times of the year. An estimated 40
breeding pairs annually produce a total
of 50-70 juveniles. The orange-bellied
parrot is considered endangered. Loss
of coastal habitat for development and
trapping for the aviculture trade are
considered to be the primary causes of
the species’ past decline. Pressures for
development on or adjacent 1o its main
wintering areas and habitat alteration
are now the main threats to its survival.
A captive breeding program is now
underway as part of a range of measures
undertaken to ensure the future survival
of the species.

Populations were modelled using
the current carrying capacity (150), a
reduced carrying capacity (50), and an
increased carrying capacity (500).
Simulations which involved varying
mortality, capture, and supplementation
rates of the wild population were run for
all carrying capacities. Simulating the
existing population using cwrent data
and management regimes indicated that
the species would remain extant over
the next 50 years at least, and stood a
good chance of surviving for 100 ycars.
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Reducing the carrying capacity to 50
under current conditions somewhat sur-
prisingly did not increase the probabil-
ity of extinction over 50 years, although
genetic variability was greatly dimin-
ished. As would be expected, increas-
ing the carrying capacity to 500 birds
further reduced the prospects of
extinction and greatly increased the
genetic variability of the population.
When modelled with an increased juve-
nile montality rate (75% cf 50%), the
population with the reduced carrying
capacity showed a 70% probability of
extnction within 50 years, while the
current and increased carrying capacity
populations showed extinction proba-
bilities of 20% within that time. Impos-
ing a capture and release captive breed-
ing program on the populations only
slightly decreased the extinction proba-
bility of the reduced carrying capacity,
high mortality population, but greatly
improved heterozygosity in the reduced
carrying capacity, current mortality
population. No extinctions occurred in
the current and increased carrying ca-
pacity populations even at the high
mortality levels, when simulated with
supplementation from a captive breed-
ing program. The simulations indicate
several points. Juvenile mortality is of
great significance to the health of the
population. Any increase above the
present rate of 50% greatly increases
the probability of extinction, even with
an enhanced habitat carrying capacity.
The captive breeding program is an
important back-up to the wild popula-
tion, and will be extremely valuable if
the wild population declines.

Evaluation of the Workshop

An evaluation was considered tobe
an important part of the workshop. All
participants rated the background mate-
rial supplied prior to the workshop as
good to very good. Provision of back-
ground material was essential as very
few participants had any prior experi-
ence with PVA, Organization was rated
as very good to excellent by partici-
pants. The key to success was the large
number of microcomputers available so
that 2. to 3 people per computer was
possible. Presentations were rated as
very good to excellent.

The workshop format was consid-
ered to be a highly successful way of
presenting PVA. PVA was considered
to be a useful tool to aid threatened
species management, providing its ap-
plication and limitations were under-
stood. PVA can focus attention on
questions that shouild be addressed
through additional research. PVA can
be applied to well-studied taxa, and the
general principles can be applied more
widely to other taxa providing program
characteristics are kept in perspective.
All participants would recommend
PVA as a management tool.

Conclusions

The PV A workshop proved a very
useful way of quickly learning a new
technique for threatened species man-
agement and conservation. PVA was
applied to six species allowing a criti-
cal, quantilative analysis of extinction
probabilities, as well as exploring man-
agementoptions to prevent species loss.
PV A results will be used in forthcoming
management plans and actions directed
towards restoring these species to a
status from which they will be relatively
immune to extinction from random
processes. In the future, it can be ex-
pected that PVA’s will be carried out on
additional endangered species to help
manage their recovery.
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Essay

Assessing Extinction Threats: Toward a Reevaluation
of IUCN Threatened Species Categories

GEORGINA M. MACE

Institute of Zoology
Zoological Society of London
Regent’s Park, London NW1 4RY, UK

RUSSELL LANDE

Department of Ecology and Evolution
University of Chicago
Chicago. llinois 60637, US.A.

Abstract: IUCN categories of threat (Endangered, Vuinera-
ble, Rare, Indeterminate, and others) are widely used in ‘Red
lists’ of endangered species and bave become an importani
tool in conservation action at intermational, national, re-
gional, and tbematic levels The existing definitions are
largely subjective, and as a result, categorizations made by
different authorities differ and may not accurately reflect
actual extinction risks We present proposals to redefine cat-
egories in terms of the probability of extinction within a
specific time period, based on the theory of extinction times
Sfor single populations and on meaningful time scales for
conservation action. Three categories are proposed (CRITI-
CAL, ENDANGERED, VULNERABLE) with decreasing levels of
threat over increasing time scales for species estimated to
bave at least a 10% probability of extinction within 100
years. The process of assigning species to categories may need
to vary among different taxonomic groups, but we present
some simple qualitative criteria based on population biol-
ogy theory, which we suggest are appropriate at least for
most large vertebrates. The process of assessing threat is
clearly distinguished from that of setting priorities for con-
servation action, and only the former is discussed bere

Paper submitted February 12, 1990; revised manuscript accepied
October 8, 1990.
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Resumen: La categorizacion de la Unién Internacional
para la Conservacion de la Naturaleza (UICN) de las espe-
cies amenazadas (en peligro, vulnerables, raras, indetermi-
nadas y otras) son ampliamente utilizadas en las Listas Ro-
Jas de especies en peligro y se ban convertido en una ber-
ramienta importante para las acciones de conservacion
al nivel intemacional. nacional, regional y temdtico. Las
definiciones de las categorias existentes son muy subjetivas
¥, como resultado, las categorizaciones hechas por diferentes
autores difieren y quizds no reflejen con certeza el riesgo real
de extincion. Presenitamos propuestas para re-definir las cat-
egorias en términos de la probabilidad de extincion dentro
de un periodo de tiempo especifico. Las propuestas estan
basadas en la teoria del tiempo de extincion para pobla-
ciones individuales y en escalas de tiempo que tengan sig-
nificado para las acciones de conservacion. Se proponen tres
categorias (CRITICA, EN PELIGRO, VULNERABLE) con niveles
decrecientes de amenaza sobre escalas de tiempo en au-
mento para especies que se estima tengan cuando meénos un
10% de probabilidad de extincion en 100 arios. El proceso de
asignar especies a calegorias puede que necesite variar den-
tro de los diferentes grupos taxondmicos pero nosotros pre-
sentamos algunos criterios cualitativos simples basados en
la teoria de la biologia de las poblaciones, las cuales suger-
imos son apropiadas para cuando ménos la mayoria de los
grandes vertebrados. El proceso de evaluar la amenaza se
distingue claramente del de definir las prioridades para las
acciones de conservacion, sdlamente el primero se discute
aqui.
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Introduction
Background

The Steering Committee of the Species Survival Com-
mission (SSC) of the IUCN has initiated a review of the
overall functioning of the Red Data Books. The review
will cover three elements: (1) the form, format, content,
and publication of Red Data Books; (2) the categories of
threat used in Red Data Books and the TUCN Red List
(Extinct, Endangered, Vulnerable, Rare, and Indetermi-
nate); and (3) the system for assigning species to cate-
gories. This paper is concerned with the second ele-
ment and includes proposals to improve the objectivity
and scientific basis for the threatened species categories
currently used in Red Data Books (see [IUCN 1988 for
current definitions).

There are at least three reasons why a review of the
categorization system is now appropriate: (1) the exist-
ing system is somewhat circular in nature and exces-
sively subjective. When practiced by a few people who
are experienced with its use in a variety of contexts it
can be a robust and workable system, but increasingly,
different groups with particular regional or taxonomic
interests are using the Red Data Book format to develop
local or specific publications. Although this is generally
of great benefit, the interpretation and use of the
present threatened species categories are now diverging
widely. This leads to disputes and uncertainties over
particular species that are not easily resolved and that
uitimately may negatively affect species conservation.
(2) Increasingly, the categories of threat are being used
in setting priorities for action, for example, through spe-
cialist group action plans (e.g., Oates 1986; Eudey 1988;
East 1988, 1989; Schreiber et al. 1989). If the categories
are to be used for planning then it is essential that the
system used to establish the level of threat be consistent
and clearly understood, which at present it does not
seem to be. (3) A variety of recent developments in the
study of population viability have resulted in techniques
that can be helpful in assessing extinction risks.

Assessing Threats Versus Setting Priorities

In the first place it is important to distinguish systems
for assessing threats of extinction from systems de-
signed to help set priorities for action. The categories of
threat should simply provide an assessment of the like-
lihood that if current circumstances prevail the species
will go extinct within a given period of time. This
should be a scientific assessment, which ideally should
be compietely objective. In contrast, a system for setting
priorities for action will include the likelihood of ex-
tinction, but will also embrace numerous other factors,
such as the likelihood that restorative action will be
successful; economic, political, and logistical consider-
ations; and perhaps the taxonomic distinctiveness of the
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species under review. Various categorization systems used
in the past, and proposed more recendy, have confounded
these two processes (see Fitter & Fitter 1987; Munton
1987). To devise a general system for setting priorities is
not useful because different concerns predominate within
different taxonomic, ecological, geographical, and political
units. The process of setting priorities is therefore best left
to specific plans developed by specialist bodies such as the
national and intemational agencies, the specialist groups,
and other regional bodies that can devise priority assess-
ments in the appropriate regional or taxonomic context.
An objective assessment of extinction risk may also then
contribute to the decisions taken by governments on
which among a variety of recommendations to implement.
The present paper is therefore confined to a discussion of
assessing threats.

Aims of the System of Categorization
For Whom?

Holt (1987) identifies three different groups whose
needs from Red Data Books (and therefore categories of
threat) may not be mutually compatible: the lay public,
national and international legislators, and conservation
professionals. In each case the purpose is to highlight
taxa with a high extinction risk, but there are differ-
ences in the quality and quantity of information needed
to support the assessment. Scott et al. (1987) make the
point that in many cases simple inclusion in a Red Data
Book has had as much effect on raising awareness as any
of the supporting data (see also Fitter 1974). Legislators
need a simple, but objective and soundly based system
because this is most easily incorporated into legislation
(Bean 1987). Legislators frequently require some state-
ment about status for every case they consider, however
weak the available information might be. Inevitably,
therefore, there is a conflict between expediency and
the desire for scientific credibility and objectivity. Con-
servationists generally require more precision, particu-
larly if they are involved in planning conservation pro-
grams that aim to make maximal use of limited
resources.

Characteristics of an Ideal System

With this multiplicity of purposes in mind it is appro-
priate to consider various characteristics of an ideal sys-
tem:

(1) The system should be essentially simpie, provid-
ing easily assimilated data on the risk of extinction. In
terms of assessing risk, there seems to be little virtue in
developing numerous categorics, or in categorizing risk
on the basis of a range of different parameters (e.g,
abundance, nature of threat, likelihood of persistence of
threat, etc.). The categories should be few in number,
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should have a clear relationship to one another (Holt
1987; Munton 1987), and should be based around a
probabilistic assessment of extinction risk.

(2) The system for categorization has to be flexible in
terms of data required. The nature and amount of data
available to assess extinction risks varies widely from
almost none (in the vast majority of species) to highly
detailed population data (in a very few cases). The cat-
egorization system should make maximum use of what-
ever data are available. One beneficial consequence of
this process would be to identify key population data for
field workers to collect that would be useful in assessing
extinction risk.

(3) The categorization system also needs to be flexi-
ble in terms of the population unit to which it applies.
Throughout this discussion, it is assumed that the sys-
tem being developed will apply to any species, subspe-
cies, or geographically separate population. The catego-
rization system therefore needs to be equally applicable
to limited lower taxonomic levels and to more limited
geographical scope. Action planning will need to be fo-
cused on particular taxonomic groups or geographical
areas, and can then incorporate an additional system for
setting priorities that reflect taxonomic distinctiveness
and extinction risks outside the local area (e.g., see East
1988, 1989; Schreiber et al. 1989).

(4) The terminology used in categorization should be
appropriate, and the various terms used should have a
clear relationship to each other. For example, among
the current terms both ‘endangered’ and ‘vulnerable’ are
readily comprehended, but ‘rare’ is confusing. It can be
interpreted as a statement about distribution status,
level of threat, or local population size, and the relation-
ships between these factors are complex (Rabinowitz et
al. 19806). Rare (i.e., low-density ) species are not always
at risk and many species at risk are not numerically rare
(King 1987; Munton 1987; Heywood 1988). The rela-
tionship of ‘rare’ to ‘endangered’ and ‘vulnerable’ is also
unclear.

(5) If the system is to be objectively based upon
sound scientific principles, it should include some as-
sessment of uncertainty. This might be in terms of con-
fidence levels, sensitivity analyses, or, most simply, on
an ordinal scale reflecting the adequacy of the data and
models in any particular case.

(6) The categories should incorporate a time scale.
On a geological time scale all species are doomed to
extinction, so terms such as “in danger of extinction”
are rather meaningless. The concern we are addressing
here is the high background level of the current rates of
extinction, and one aim is therefore preservation over
the upcoming centuries (Soulé & Simberloff 1986).
Therefore, the probability of extinction should be ex-
pressed in terms of a finite time scale, for example, 100
years. Munton ( 1987) suggests using a measure of num-
ber of years until extinction. However, since most mod-
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els of population extinction times result in approxi-
mately exponential distributions, as in Goodman’s
(1987) model of density-dependent population growth
in a fluctuating environment, mean extinction time may
not accurately reflect the high probability that the spe-
cies will go extinct within a time period considerably
shorter than the mean (see Fig. 1). More useful are mea-
sures such as “95% likelihood of persistence for 100
years.”

Population Viability Analysis and
Extinction Factors

Various approaches to defining viable populations have
been taken recently (Shaffer 1981, 1990; Gilpin & Soulé,
1986; Soulé 1987). These have emphasized that there is
no simple solution to the question of what constitutes a
viable population. Rather, through an analysis of extinc-
tion factors and their interactions it is possible to assess
probabilitics and time scales for population persistence
for a particular taxon at a particular time and place. The
development of population viability analyses has led to
the definition of intrinsic and extrinsic factors that de-
termine extinction risks (see Soulé 1983; Soulé 1987;
Gilpin & Soulé 1986; sce also King 1987). Briefly these
can be summarized as population dynamics (number of
individuals, life history and age or stage distribution,
geographic structure, growth rate, variation in demo-
graphic parameters), population characteristics (mor-
phology, physiology, genetic variation, behavior and dis-
persal patterns), and environmental effects (habitat
quality and quantity, patterns and rates of environmen-
tal disturbance and change, interactions with other spe-
cies including man),

Preliminary models are available to assess a popula-
tion’s expected persistence under various extinction
pressures, for example, demographic variation (Good-
man 1987a b; Belovsky 1987; CBSG 1989), catastro-
phes (Shaffer 1987), inbreeding and loss of genetic di-
versity (Lande & Barrowclough 1987; Lacy 1987),
metapopulation structure (Gilpin 1987; Quinn & Hast-
ings 1987; Murphy et al. 1990). In addition, various ap-
proaches have been made to modeling extinction in
populations threatened by habitat loss (e.g., Gutiérrez &
Carey 1985; Maguire et al. 1987; Lande 1988), disease
(e.g, Anderson & May 1979; Dobson & May 1986; Seal
etal. 1989), parasites (e.g., May & Anderson 1979; May
& Robinson 1985; Dobson & May 1986), competitors,
poaching (e.g., Caughley 1988), and harvesting or hunt-
ing (e.g., Holt 1987).

So far, the deveiopment of these models has been
rather limited, and in particular they often fail to suc-
cessfully incorporate several different extinction factors
and their interactions (Lande 1988). Nevertheless the
approach has been applied in particular cases even with



Mace & Lande

existing models (e.g., grizzly bear: Shaffer 1983; spotted
owl: Gutiérrez & Carey 1985: Florida panther: CBSG
1989), and there is much potential for further develop-
ment.

Although different extinction factors may be critical
for different species, other, noncritical factors cannot be
ignored. For example, it seems likely that for many spe-
cies, habitat loss constitutes the most immediate threat.
However, simply preserving habitats may not be suffi-
cient to permit long term persistence if surviving pop-
ulations are small and subdivided and therefore have a
high probability of extinction from demographic or ge-
netic causes. Extinction factors may also have cumula-
tive or synergistic effects; for example, the hunting of a
species may not have been a problem before the popu-
lation was fragmented by habitat loss. In every case,
therefore, all the various extinction factors and their
interactions need to be considered. To this end more
attention needs to be directed toward development of
models that reflect the random influences that are sig-
nificant to most populations, that incorporate the effects
of many different factors, and that relate to the many
plant, invertebrate, and lower vertebrate species whose
population biology has only rarely been considered so
far by these methods.

Viability analysis should suggest the appropriate kind
of data for assigning extinction risks to species, though
much additional effort will be needed to develop appro-
priate models and collect appropriate field data.

Proposal
Three Categories and Their Justification

We propose the recognition of three categories of threat
(plus EXTINCT), defined as follows:

CRITICAL: 50% probability of extinction
within 5 years or 2 generations,
whichever is longer.

20% probability of extinction
within 20 years or 10 genera-
tions, whichever is longer.

10% probability of extinction
within 100 years.

These definitions are based on a consideration of the
theory of extinction times for single populations as well
as on meaningful time scales for conservation action. If
biological diversity is to be maintained for the foresee-
able future at anywhere near recent levels occurring in
natural ecosystems, fairly stringent criteria must be
adopted for the lowest level of extinction risk, which we
call VULNERABLE. A 10% probability of extinction
within 100 years has been suggested as the highest level
of risk that is biologically acceptable (Shaffer 1981) and
seems appropriate for this category. Furthermore,

ENDANGERED:

VULNERABLE:
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events more than about 100 years in the future are hard
to foresee, and this may be the longest duration that
legislative systems are capable of dealing with effec-
tively.

[t seems desirable to establish a CRITICAL category to
emphasize that some species or populations have a very
high risk of extinction in the immediate future. We pro-
pose that this category include species or populations
with 2 50% chance of extinction within 5 years or two
generations, and which are clearly at very high risk.

An intermediate category, ENDANGERED, seems de-
sirable to focus attention on species or populations that
arc in substantial danger of extinction within our life-
times. A 20% chance of extinction within 20 years or 10
generations seems to be appropriate in this context.

For increasing levels of risk represented by the cate-
gories VULNERABLE, ENDANGERED, and CRITICAL, it
is necessary to increase the probability of extinction or
to decrease the time scale, or both. We have chosen to
do both for the following reasons. First, as already men-
tioned, decreasing the time scale emphasizes the imme-
diacy of the situation. Ideally, the time scale should be
expressed in natural biological units of generation time
of the species or population (Leslic 1966), but there is
also a natural time scale for human activities such as
conservation efforts, so we have given time scales in
years and in generations for the CRITICAL and ENDAN-
GERED categories.

Second, the uncertainty of estimates of extinction
probabilities decreases with increasing risk levels. In
population models incorporating fluctuating environ-
ments and catastrophes, the probability distribution of
extinction times is approximately exponential (Nobile
et al. 1985; Goodman 1987). In a fluctuating environ-
ment where a population can become extinct only
through a series of unfavorable events, there is an initial,
relatively brief period in which the chance of extinction
is near zero, as in the inverse Gaussian distribution of
extinction times for density-independent fluctuations
(Ginzburg et al. 1982; Lande & Orzack 1988). If catas-
trophes that can extinguish the population occur with
probability p per unit time, and are much more impor-
tant than normal environmental fluctuations, the prob-
ability distribution of extinction times is approximately
exponential, pe ~#‘, and the cumulative probability of
extinction up to time ¢ is approximately 1 — e ~#*. Thus,
typical probability distributions of extinction times look
like the curves in Figures 1A and 1B, and the cumulative
probabilities of extinction up to any given time look like
the curves in Figures 1C and 1D. Dashed curves repre-
sent different distributions of extinction times and cu-
mulative extinction probabilities obtained by changing
the model parameters in a formal population viability
analysis (e.g., different amounts of environmental varia-
tion in demographic parameters). The uncertainty in an
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estimate of cumulative extinction probability up to a
certain time can be measured by its coefficient of vari-
ation, that is, the standard deviation among different
estimates of the cumulative extinction probability with
respect to reasonable variation in model parameters, di-
vided by the best estimate. It is apparent from Figures
1C and 1D that at least for small variations in the pa-.
rameters (if the parameters are reasonably well known),
the uncertainty of estimates of cumulative extinction
probability at particular times decreases as the level of
risk increases. Thus at times, t,, t,, and t, when the best
estimates of the cumulative extinction probabilities are
10%, 20%, and 50% respectively, the corresponding
ranges of extinction probabilities in Figure 1C are
6.5%—14.8%, 13.2%-28.6%, and 35.1%—65.0%, and in
Figure 1D are 6.8%-13.1%, 13.9%-25.7%, and
37.2%—60.2% . Taking half the range as a rough approx-
imation of the standard deviation in this simple illustra-
tion gives uncertainty measures of 0.41, 0.38, and 0.30
in Figure 1C, and 0.31, 0.29, and 0.23 in Figure 1D,
corresponding to the three levels of risk. Given that for
practical reasons we have chosen to shorten the time
scales for the more threatened categories, these results
suggest that to maintain low levels of uncertainty, we
should also increase the probabilities of extinction in
the definition of the ENDANGERED and CRITICAL cat-
egories.

These definitions are based on general principles of
population biology with broad applicability, and we be-
lieve them to be appropriate across a wide range of life
forms. Although we expect the process of assigning spe-
cies to categories (see below) to be an evolving (though
closely controlled and monitored ) process, and one that
might vary across broad taxonomic groups, we recom-
mend that the definitions be constant both across tax-
onomic groups and over time.

Assigning Species or Populations to Categories

We recognize that in most cases, there are insufficient
data and imperfect models on which to base a formal
probabilistic analysis. Even when considerable informa-
tion does exist there may be substantial uncertainties in
the extinction risks obtained from population models
containing many parameters that are difficult to esu-
mate accurately. Parameters such as environmental sto-
chasticity (tempora! fluctuations in demographic pa-
rameters such as age- or developmental stage—specific
mortality and fertility rates), rare catastrophic events, as
well as inbreeding depression and genetic variability in
particular characters required for adaptation are all dif-
ficult to estimate accurately. Therefore it may not be
possible to do an accurate probabilistic viability analysis
even for some very well studied species. We suggest
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that the categorization of many species should be based
on more qualitative criteria derived from the same body
of theory as the definitions above, which will broaden
the scope and applicability of the categorization system.
In these more qualitative criteria we use measures of
effective population size (N_) and give approximate
equivalents in actual population size (N). It is important
to recognize that the relationship between N_ and N
depends upon a variety of interacting factors. Estimating
N, for a particular population will require quite exten-
sive information on breeding structure and life history
characteristics of the population and may then produce
only an approximate figure (Lande & Barrowclough
1987). In addition, different methods of estimating N,
will give variable results (Harris & Allendorf 1989). N/
N ratios vary widely across species, but are typically in
the range 0.2 to 0.5. In the criteria below we give a
value for N, as well as an approximate value of N as-
suming that the NN ratio is 0.2.

We suggest the following criteria for the three cate-
gories:
CRITICAL: 50% probability of extinction within

5 years or 2 generations, whichever is
longer, or

(1) Any two of the following criteria:

(a) Total population N, < 50 (corre-
sponding to actual N < 250).

(b) Population fragmented: <2 sub-
populations with N_ > 25 (N >
125) with immigration rates <1
per generation,

(c) Census data of >20% annual de-
cline in numbers over the past 2
vears, or >50% decline in the
last generation, or equivalent
projected declines based on de-
mographic projections after ai-
lowing for known cycles.

(d) Population subject to cata-
strophic crashes (>50% reduc-
tion) per 5 to 10 years, or 2 to 4
generations, with subpopula-
tions highly correlated in their
fluctuations.

or (2) Observed, inferred, or projected hab-
itat alteration (i.e., degradation, loss,
or fragmentation ) resulting in charac-

teristics of (1).

or (3) Observed, inferred, or projected com-
mercial exploitation or ecological in-
teractions with introduced species

(predators, competitors, pathogens,

or parasites) resulting in characteris-

tics of (1).
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Fluctuating Environment Catastrophes
A A ‘ B
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Probability of Extinction

Cumulative Probability

Time

Time
Figure 1. Probability distributions of time to extinction in a fluctuating environment, inverse Gaussian distri-
butions (A), or with catastropbes, exponential distributions (B). Corresponding cumulative extinction proba-
bilities of extinction up to any given time are shown below (C and D). Solid curves represent the best estimates
from available data and dashed curves represent different estimates based upon the likely range of variation
in the parameters. t,, t, and t; are times at which the best estimates of cumulative extinction probabilities are

10%, 20%, and 50%. T is the expected time to extinction in the solid curves.

100 (N > 500) with immigration

ENDANGERED:

20% probability of extinction within rates <1 per generation, or
20 years or 10 generations, which- (ii) =2 subpopulations with N,
ever is longer, or > 250 (N > 1,250) with immi-
(1) Any two of the following or any one gration rates <1 per generation.
criterion under (c) Census data of >5% annual de-
CRITICAL cline in numbers over past 5
(a) Total population N, < 500 (cor- years, or >10% decline per gen-
responding to actual N < 2,500), cration over past 2 generations,
(b) Population fragmented: or equivalent projected declines
based on demographic data after

(i) =5 subpopulations with N_ >
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allowing for known cycles.

(d) Population subject to catastroph-
ic crashes: an average of >20%
reduction per 5 to 10 years or 2
to 4 generations, or >50% re-
duction per 10 to 20 years or 5
to 10 generations, with subpop-
ulations strongly correlated in
their fluctuations.

or (2) Observed, inferred, or projected hab-
itat alteration (i.e., degradation, loss,
or fragmentation ) resulting in charac-

teristics of (1).

or (3) Observed, inferred, or projected com-
mercial exploitation or ecological in-
teractions with introduced species

(predators, competitors, pathogens,

or parasites) resulting in characteris-

tics of (1).

VULNERABLE:
10% probability of extinction within
100 years, or
(1) Any two of the following criteria or
any ome criterion under ENDAN-

GERED.

(a) Total population N, < 2,000
(corresponding to actual N <
10,000).

(b) Population fragmented:

(i) =5 subpopulations with N, >
500 (N > 2,500) with immigra-
tion rates <1 per generation, or
(ii) <2 subpopulations with N,
> 1,000 (N > 5,000) with immi-
gration rates <1 per generation.

(c) Census data of >1% annual de-
cline in numbers over past 10
years, or equivalent projected
declines based on demographic
data after allowing for known cy-
cles.

(d) Population subject to catastroph-
ic crashes: an average of >10%
reduction per 5 to 10 years,
>20% reduction per 10 to 20
years, or >50% reduction per 50
years, with subpopulations
strongly correlated in their fluc-
tuations.

or (2) Observed, inferred, or projected hab-
itat alteration (i.e., degradation, loss,
or fragmentation ) resulting in charac-

teristics of (1).

or (3) Observed, inferred, or projected com-
mercial exploitation or ecological in-
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teractions with introduced species
(predators, competitors, pathogens,
or parasites) resulting in characteris-
tics of (1).

Prior to any general acceptance, we recommend that
these criteria be assessed by comparison of the catego-
rizations they lead to in particular cases with the resuits
of formal viability analyses, and categorizations based on
existing methods. This process should help to resolve
uncertainties about both the practice of, and results
from, our proposals. We expect a system such as this to
be relatively robust and of widespread applicability, at
the very least for most higher vertebrates. For some
invertebrate and plant taxa, different kinds of criteria
will need to be developed within the framework of the
definitions above. For example, many of these species
have very high rates of population growth, short gener-
ation times, marked or episodic fluctuations in popula-
tion size, and high habitat specificity. Under these cir-
cumstances, it will be more important to incorporate
metapopulation characteristics such as subpopulation
persistence times, colonization rates, and the distribu-
tion and persistence of suitable habitats into the analy-
sis, which are less significant for most large vertebrate
populations (Murphy et al. 1990; Menges 1990).

Change of Status

The status of a population or species with respect to risk
of extinction should be up-listed (from unlisted to VUL-
NERABLE, from VULNERABLE to ENDANGERED, or
from ENDANGERED to CRITICAL) as soon as current
information suggests that the criteria are met. The status
of a population or species with respect to risk of extinc-
tion should be down-listed (from CRITICAL to ENDAN-
GERED, from ENDANGERED to VULNERABLE, or from
VULNERABLE to unlisted) only when the criteria of the
lower risk category have been satisfied for a time period
equal to that spent in the original category, or if it is
shown that past data were inaccurate.

For example, if an isolated population is discovered
consisting of 500 individuals and no other information is
available on its demography, ecology, or the history of
the population or its habitat, this population would ini-
tially be classified as ENDANGERED. If management ef-
forts, natural events, or both caused the population to
increase so that 10 years later it satisfied the criteria of
the VULNERABLE category, the population would not
be removed from the ENDANGERED category for a fur-
ther period of 10 years. This time lag in down-listing
prevents frequent up-listing and down-listing of a pop-
ulation or species.

Uncertain or Conflicting Results

Because of uncertainties in parameter estimates, espe-
cially those dealing with genetics and environmental
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variability and catastrophes, substantial differences may
arise in the results from analyses of equal validity per-
formed by different parties. In such cases, we recom-
mend that the criteria for categorizing a species or pop-
ulation should revert to the more qualitative ones
outlined above.

Reporting Categories of Threat

To objectively compare categorizations made by differ-
ent investigators and at different times, we recommend
that any published categorization also cite the method
used, the source of the data, a date when the data were
accurate, and the name of the investigator who made
the categorization. If the method was by a formal via-
bility model, then the name and version of the model
used should aiso be included.

Conclusion

Any system of categorizing degrees of threat of extinc-
tion inevitably contains arbitrary elements. No single
system can adequately cover cvery possibility for all
species. The system we describe here has the advantage
of being based on general principles from population
biology and can be used to categorize species for which
either very little or a great deal of information is avail-
able. Although this system may be improved in the fu-
ture, we feel that its use will help to promote a more
uniform recognition of species and populations at risk of
premature extinction, and should thereby aid in setting
priorities for conservation efforts.

Summary

1. Threatened species categories should highlight spe-
cies vulnerable to extinction and focus appropriate
reaction. They should therefore aim to provide ob-
jective, scientifically based assessments of extinc-
tion risks.

2. The audience for Red Data Books is diverse. Positive
steps to raise public awareness and implement na-
tional and international legislation benefit from sim-
ple but soundly based categorization systems. More
precise information is needed for planning by con-
servation bodies.

3. An ideal system needs to be simple but flexible in
terms of data required. The category definitions
should be based on a probabilistic assessment of
extinction risk over a specified time interval, includ-
ing an estimate of error.

4. Definitions of categories are appropriately based on
extinction probabilities such as those arising from
population viability analysis methods.

5. We recommend three categories, CRITICAL, EN-
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DANGERED, and VULNERABLE, with decreasing
probabilities of extinction risk over increasing time
periods.

6. For most cases, we recommend development of
more qualitative criteria for allocation to categories
based on basic principles of population biology. We
present some criteria that we believe to be appro-
priate for many taxa, but are appropriate at least for
higher vertebrates.
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Loss of Genetic Diversity from Managed
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Immigration, Selection, and Population Subdivision
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Abstract: A computer simulation program was used to ex-
amine interacting effects of genetic drift, mutation, immi-
gration from outside populations, directional and balancing
selection, and population subdivision on the loss of genetic
variability from small managed populations Stochastic
events were simulated with a pseudo-random number gen-
erator, and the genetic variation (expected beterozygosity)
within and between populations was monitored in 25 pop-
ulations for 100 generations.

Genetic drift was the overriding factor controling the loss
of genetic variation Mutation bas no noticeable effect on
populations of the size typically managed in z00s and nature
preserves. Immigration 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 populiations, it is inefficient in countering drift when
population sizes are on the order of 100 or fewer. Subdivided
populations rapidly lose variability from within each sub-
population but retain variation across the subpopulations
better than does a panmictic population.

These results suggest that population managers sbould be
concerned with the variation-depleting effects of genetic drift,
perbaps almost to the exclusion of consideration of selection
and mutation. Drift can be countered by the introduction of
very occasional immigrants or, less effectively, by division
of the managed population into smaller breeding groups that
interchange enough migrants to prevent unacceptably del-
eterious inbreeding within each subpopulation.

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

Resumen: A través de un programa de simulacion por com-
putadora se examinaron los efectos interactivos de la deriva
génica, las mutaciones, la inmigracion de poblaciones ex-
ternas, la seleccion balanceada y direccional, y la subdivi-
sion de poblaciones pequenas sujetas a manejo, debido a la
peérdida de variabilidad genética Se simularon eventos es-
tocdsticos con un generador de numeros pseudo-dzarosos y
se estudio la variacion genética intra e interpoblacional ( be-
terocigosis esperada) en 25 poblaciones durante 100 gene-
raciones.

La deriva genica fue el factor predominante que controlo
la perdida de variacion genética Las mutaciones no tuvieron
un efecto notable en poblaciones del tamano tipico mane-
fado en zooldgicos y dreas protegidas. La inmigracion pro-
veniente de otras poblaciones mds grandes puede
asombrosamente disminuir, detener 0 invertir la pérdida de
variacion genética, aun con la influencia de s610 uno o pocos
migrantes por generacion. Cuando el tamarnio de las po-
blaciones es del orden de 100 individuos 6 menos, no es
necesario evaluar la deriva génica, a menaos que la seleccion
sea mads fuerte que la comunmente observada en poblaciones
naturales. Las poblaciones divididas pierden rdpidamente su
variabilidad intra- subpoblacional, pero retienen una mayor
variacion intersubpoblacional que las poblaciones panmi-
ticas.

Los resultados sugieren que los manejadores de poblacio-
nes deben estar mds atentos a la disminucion de la variacién
genética producida por la deriva génica, que a las mutacio-
nes 6 a la seleccion natural. La deriva génica puede invertirse
con la introduccion de migrantes ocasionales, 6 (aunque
menos efectivamente) a través de la division de las pobla-
ciones manejadas en pequernios grupos de crianza que puedan
intercambiar migrantes para prevenir cruzamientos deleté-
reos dentro de cada subpoblacion
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Introduction

As natural habitats disappear and populations of organ-
isms within remaining natural areas 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 one gen-
eration to the next. The random sampling of a smali
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
rapidly 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, Ralis & 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 popuia-
tion by selection (Lynch 1977, Templeton & Read 1983),
the population asa whole loses the evolutionary flexibility
conferred by genetic diversity (Selander 1983 ). Without
genetic variation between individuais on which nawral
selection can act, a population cannot adapt to changing
environments and is vulnerable to new pred-
ators, diseases, parasites, climatic conditions, and com-
petitors,andtochangingfoodsupplies.

For captive populations the loss of evolutionary fiex-
ibility 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 selective
pressures to which wild populations would be exposed.
Yet 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 setting.

If zoos (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 all 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 sufficiendy 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 models, 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
before they are put into practice.

Methods

A computer simulation program was written in the C
programming language for use on microcomputers using
the MS-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 one 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 random from a
uniform distribution 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 tum 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 migrant
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 starting 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 create a2 new generation
of the specified size.

9. Calculates allele frequencies and percent *ex-
pected” heterozygosity within each subpopulation,
that is, the heterozygosity that would be observed
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 binomial
variance in allelic frequencies in the population
(Crow & Kimura 1970). The program also cal-
culates allele frequencies averaged over 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 ail sub-

. populations are genetically alike, then the total
heterozygosity 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 across 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 o mate with any other given individual.
One important way in which the modeled population
deviates from reality is the randomness of breeding within

Conservation Biology
Volume 1, No. 2, August 1987



B

146 Loss of Genetic Diversity from Managed Populations

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 aiso 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-fertilization has the same effect as consid-
eration of separate sexes; cither increases the genetically
effective population size by 0.5 individuals (Wright
19G9). 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 a
variance in family sizes that is greater than Poisson) can
reduce the effective size to a fraction of the total 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 heterozygosities, 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 sefection 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 genetic 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.c., one of the two allelic
variants was lost, the other was fixed), and yet six pop-
ulations had virtually the same allele frequencies and
heterozygosities 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

= (1 - 142N,])H,

GENETIC ORIFT -~ VARIATION AMONG RUNS

. R R o e L R
LW *‘“: o1 *vu-m \” AV "‘.‘ﬁ‘&"
W ‘...O‘VA i *q%ifd’ o
"‘ ' _" ! ‘

~“ 'q'":\“ 'V’{' ;
\". / 'l" ‘/.V >

i

3

X initial Heterozygosity
4 8 &5 8 8

o
v

o

Q
10 20 30 40 < 80 70 .1 90 106
Generation

Figure 1. Percent beterozygosity retained across 100
generations in 25 simulated populations of 120 ran-
domly mating individuals each.
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in which N_ is the effective population size, and H, and
H, are heterozygosities at gencrations 0 and t, 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
underlying 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 theoretical prediction
of 66 percent.

Effect of Population Size

Figure 2 compares average heterozygosities of 25 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-
crations did not vary significantly from the theoretical
values of 90.5 percent, 81.2 percent, 65.9 percent, 43.3
percent, 28.4 percent, and 8.0 percent that are expected
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Figure 2. Percent heterozygosity retained in popula-
tions of 20, 40, 60. 120, 240, or 500 randomly mat-
ing individuals Each line in this and all subsequent
figures represents the average of 25 simulated popu-
lations. Means and standard errors of the final beter-
ozygosities are indicated at the right. Except when
otherwise specified, all subsequent figures are based
on simulated populations of 120 animals.

Loss of Genetic Diversity from Munaged Populutions 147

for populations of size 500, 240, 120, 00, 40, and 20,
respectively. Standard errors of the mean heterozygos-
ities across these 25 simulated populations of each size
(SE = 2.73%, 4.58%, 6.80%, 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).

Putting the loss of genetic 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
| 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
cocfficients 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 1975]). Experimental populations have re-
sponded to artificial selection for more than 75 gener-
ations (Falconer 1981), suggesting that sufficient
variability exists to allow "“adaptation” even after genetic
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.

Muuation
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
10-% to 10~* per gene per generation in eukaryotes and
from 10-° to 10-* in mammals (Hedrick 1983, Strick-
berger 1985). Only at mutation rates greater than 10-3
did new mutation noticeably counter drift in the sim-
ulations. (The increased heterozygosity withm = 10+
in Figure 3 was due to chance, not the effects of mu-
tation; note that the higher mutation rate of 10-3 had
no effect on heterozygosity.)

In part, the minimal effect of mutation in the simu-
lations results from the very high heterozygosity (50% )
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Figure 3. Percent beterozygosity retained in popula-
tions with equal forward and backward mutation
rates of 0, 10-% 1073 1072 or 10~' 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 a low 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
a mutation 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 m/(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 to 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 populaton 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, genectically unchanging, source-population
into a population of 120 individuals are shown in Figure
4. Given the standard errors observed around final het-
erozygosities, there is no evidence that an immigration
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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 loss 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. 5).

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 disruptive selection in which the heteroz-
ygote has inferior fitness and the two homozygotes have
equal fitness. As expected, under strong selection (Fig.
6A: relative fitnesses of 1.0:0.8:0.6 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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150  .oss of Genetic Diversity from Managed Populations

al. 1980). Furthermore, because the subpopulations are
necessarily smaller than is the total popuiation and be-
cause each subpopulation would occupy a narrower
range of habitats than does the total population, two
processes that deplete genetic variation will be en-
hanced in isolated subpopulations relative to a panmictic
population. Genetic drift will inevitably be greater in
fragmented subpopulations; and while heterogeneous
selection on large populations utilizing diverse habitats
can mainwain genetic variation (Levene 1953, Levins
1968, Hedrick et al. 1976, Taylor 1976, Lacy 1982),
directional selection on isolated subpopulations for traits
advantageous in narrow 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-
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Lacy

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

Total gene diversity in a 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 berween-
subpopulation variation is then protected from further
decay due 1o 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. Maintenance
of total variation in simulated popuiations depends on
the persistence of each subpopulation at a constant size,
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Figure 7. Percent beterozygosity retained within subpopulations (points and numbers not connected by lines)
and total beterozygosity retained within and between subpopulations (points connected by lines) in popula-
tions of total size 120 divided into 1, 3, 5, or 10 subpopulations. (A) no migration between subpopulations;
(B) 0.5 inter-subpopulation migrants per generation; (C) 1 migrant per generation; (D) 5 migrants per genera-

tion.
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Lacy

however. [f some subpopulations were to go extinct,
some between-population diversity would be lost with
them.

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
7A). 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 panmixia 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 between subpopulations only becomes effective
after populations have diverged and lost variability.) By
preventing subpopulations 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-
wheims genetic drift (Fig. 94 ), even in highly subdivided
populations. (About 1 percent of subpopulations of 12
individuals will be fixed for an allele 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 three
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Figure 8. Percent heterozygosity retained within sub-
populations (points not connected by lines) and to-
tal bheterozygosity retained within and between
subpopulations (points connected by lines) in popu-
lations divided into 5 subpopulations with an aver-
age of 0, 0.5, 1, 2, or 5 inter-subpopulation migrants
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 alieles 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
heterogencity by furthering berween-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),
Allendort ( 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 here 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

Conscrvation Biology
Volume 1, No. 2, August 1987
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Figure 9. Percent heterozygosity retained within fully isolated subpopulations (points not connected by lines)
and total beterozygosity retained within and between subpopulations (points connected by lines) in popula-
tions divided into 1, 3, 5, or 10 subpopulations subjected to selection. (A) strong directional selection (relative
fitnesses of 1.0:0.8: 0.0, except for total beterozygosity in 10 subpopulations, all beterozygosities have mean
and standard error zero by generation 50); (B) moderate directional selection (relative fitnesses of
1.0:0.95:090); (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, so, to a first
approximation, management concerns can be focused
solely on effects of drift. Under stringent conditions 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 most 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

Conservatioo 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 effective
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 individual 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 to the question of what size captive
population is needed to 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 based 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 often been
proposed as a guideline for management of endangered
species (e.g., Soulé & Wilcox 1980, Frankel & Soulé
1981, Schonewald-Cox ¢t 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. At
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 a 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 genetic make-up of a population,
genetic 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 environments, and this consid-
eration may override concerns about preservation of an
unaltered population [Templeton & Read 1983, Foose
et al. 1986].)

For assessing success in preserving the genetic char-
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. 19806) reflects a recognition of the non-
equilibrium nature of genetic management of captive
populations.

Fuerst and Maruyama ( 1986) also stressed the lack of
equilibria in early generations of captive breeding, point-
ing out that most rare alleles present in natural popu-
lations would 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 botdenecks 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 popuiations 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 obtzined 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. Immi-
gration into very small populations is especially 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 variability
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 results
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 naturaf 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 “zo0
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
thar drift will often fix deleterious alleles by chance in
small captive populations. Genetic variants poorly
adapted to cither 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 (e.g,
Spieth 1974, Frankel & Soulé 1981, Hedrick 1983, Foose
et al. 1986) theoretical result 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 berween 20 and “greater than one™ may not
be important to the theoretical results, but it certainly
has meaning to the population manager.

Fuerst and Maruyama (1986) considered the fate of
allelic diversity in subdivided populations. Pointing out
that rare alleles are likely to be lost in small populations
(even if substantial heterozygosity remains), and that
most subpopulations would reuin 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 be the only way to preserve alletic
diversity in small populations. In the absence of balanc-
ing selection, eventually all aileles but one would be lost
at each genetic locus of an isolated population. The prob-
ability that a neutral allele will be retained 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 allele is
about 10 times the probability that a single panmictic
population would retain the allele. (In the extreme, 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 retain allelic diversity better
than would a panmictic population. The probability that
a rare 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 helps 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, Ve (1 - py) M« (1 - p e
= [(1=p)»(1=p) .. *(1 - p)i
= [geometrical mean of (1 — p,)|*N,
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 - poYK = (1 - p)), and thus the probability of
loss from the 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
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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 eliminating less
successful stocks, there would be considerable loss of
genetic diversity. ) Although not modeled here, different
selection pressures among subpopulations can also
maintain genetic 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 populations.
Concern about the reduced efficacy of balancing selec-
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
above one per generation, the ultimate response was
usually similar to the case of a panmictic population.
The times to fixation (i.e., 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.

Allendorf (1983 ) recommended a management strat-
egy of 1 migrant per generation among isolated nature
reserves, pointing out that low levels of migration pre-
vent the total loss of alleles 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,
although the costs and benefits of subdivision of captive
populations are perhaps somewhat different from those
for populations managed in nature reserves. 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 restoration of diverse gene pools in more natural
habitats. (As pointed out above, however, | see selection
as relatively inefficient in small subdivided populations.)
Also, while Allendorf emphasizes preventing the total
loss of allelic variants from populations, I 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 to 20 gen-
erations. The benefit 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 both 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
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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-
renty, 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 that almost
always would be more diverse genetically than it would
have been had it never been subdivided. Unfortunately,
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 [0 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
administration. 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 the genetic be-
havior of a population based on knowledge of its biology
and the biology of taxonomically and ecologically sim-
ilar 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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POPULATION STRUCTURE 279

Suppose a ““population” consists of k subpopu- 1

- lavons, cach with a difterent gene frequency p,.
Among the subpopulations the mean gene fre-
quency 15 p = Z;p,/k. and the vanance n gene
trequency is V,, = Z;(p, — p)*/k. Now note that
Iy 1s

2r(,Plz - «-P:‘}.’ +ﬁ2) S:Puz - -[_’Elp: 'Li’:
k of k '

But £p, =kp. so V, =3 pik — p* Thus
Spilk = p* + V,. But Tpilk 1s the average
proportion of AA homozygotes among the
subpopulations, the proportion of AA in the

B The Wahlund Effect: Genotype Frequencies in a Subdivided Population

indeed a measure of the degree to which the
“population’ 1s actually structured into sub-
populations (or. a measure of the vanance in
gene frequency among the subpopulations).
Another such measure, of course. 1s F; the fre-
quency of heterozygotes may be wntten either
2pq — 2V, or 2p4(1 ~ F). Equatng these. we
find that 2(pg — V) = 2(p3 - p3F), or F =
V.ipq.

This F, denoted Fyr, 1s different trom the
F that represents the average inbreeding coef-
ficient of individuals derived from consangui-
neous matings within a subpopulation. It is use-

population as a whole. Thus the frequency of ful to recognize, as Wright (1965) does, several
this homozygous class cxcceds the Hardy- levels of F:

Weinberg frequency (p*) by an amount V,.
Similarly the frequency of 4’A" in the entire
population is §* + I, and the frequency of
heterozygotes 1s, by subtraction, 2p3 — 2V,
This disparity between observed frequencies
and Hardy-Weinberg frequencies is termed the
Wahlund effect.

This result imphes that an investigator who
samples from what appears to be a single pan-
micac population, but is actually an aggregate
of subpopulations that vary in genc frequency. Wnght shows that the relationship among
will tind an uncxpected deticiency of hetero-  these can be wrnitten Fyr = (Fir — Fi)l(1 -
zygotes. The magnitude ot this dehiciency 15 Fiy).

l— F-\— - ( = \1;1/T‘\\\“ I\F‘}
THE EFFECT OF GENE FLOW

Probably few populations are completely isolated. The greater the
amount of gene exchange among populations, the more similar their 5
genetic composition will be, unless other factors counteract migration's !
homogenizing influence. l
One such factor is natural selection, which maintains a permanent
disparity in the gene frequencies of different populations if different :
alleles are favored in the various populatuions (Box C). This 1s reflected
in many patterns of adapuive geographic vanauon. But 1if migration 1s j
strong enough, 1t can countcract selection to at least some extent, :
preventing a population trom becoming tully adapted to 1ts environ-
ment. For example, adult water snakes (Natrix sipedon) on the Lake /
- Erie Islands are uniformly grayish in color, whereas mainland adults ‘
-are strongly banded (Figure 12). Among young island snakes. however,
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F,s the probability that two gametes taken
at random within an average subpopu-
lation yield an autozygous individual

Fyr the probability that two gametes taken
at random from two different sub-
populations yield an autozygote

F;; the probability chat two gametes taken
at random from the entire “population”
yield an autozygote
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Habitat desuuction and fragmentation will often make it necessary to protect small
populations in nature preserves or to establish captve breeding programs to prevent their
extinction. [n most wild populations, ecological factors are likely to be more important
than genetc factors in determining the probability of persistence into the forseeable future.,
This is because a wild populadon that can avoid extinction from Allee effects, edge effects,
dcmbgraphic and environmental stochasticity, and local extinction and colonization is also
likely to be large enough to prevent appreciable inbreeding depression or loss of genctié
vanability from random genetic drift (Lande 1988). However, in wild populations
artificially reduced to a small size, genetc factors, and their interactions with ecological
factors; i)ccome increasingly important.

In the captive cnvimnmcnt, demographic fluctuatons caused by predaton, diseases,
wezithcr and food supply can be at least partially controlled. If the goal of the captive
breeding program is captive release into the wild at a later date, the breeding strucrure and
size of the population can be managed to maintin a high proportion of the original genetic
variability present in the wild populadon from which it was established. This is likely to
increase its éhzmcc of survival upon reintroduction to the wild, since additive genetic
variance is necessary for adapt.ation to a changing environment. Genetic consideradons
should therefore play a dominant role in breeding plans for captive populatons with this
goal. However, even in a carefully controlled environment, demographic factors such as
population growth rate, age distribution and sex ratio should not be ignored (Foose 1980).

Soulé et al. (1986) proposed for cabtivc populations the management goal of
maintaining 90% of the genetic variability present in the original (base) populaton for a
period of 200 years. Using a model of an ideal population with discrete, nonoverlapping
generatons and a Poisson distributon of progeny numbers, they computed by numerical
methods the final or equilibrium populaton size that would be necessary to achieve the goal

with a certain inidal number of founders for a species with a given population growth rate
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and genecration time, assuming geometric growth of the population up to the final size.
Their model accounted for the loss of genetic variability (i.e., heterozygosity or purely
addidve genetic variance in quanttative traits) caused by random genetic dnft in a finite
populadon. Already this or similar goals, and the breeding plans recommended by Soulé et
al. (1986) to meet them, have been adopted in management plans for captive populations of
several endangered species (e.g., for the gorilla, cheetah, addax, Asian wild horse,
scimitar-homed oryx, greater one-homed Asian rhinoceros, and Florida panther [plans
available from AAZPA Conservation Director]).

Most morphological, behavioral and physiological measurements are genetically
complex (polygenic) quantitative traits, which are generally thought to be of critcal
importance in adaptation to natural environments (Franklin 1980; Lande and Barrowclough
1987). Here we investigate the influence of additional factors affecting the maintenance of
additive genetic variance in quantitative characters, i.c. mutation, immigration from the
wild, selection in the captive environment, and population subdivision. It is shown that
these factors permit smaller final population sizes and founder numbers necessary to
achieve the goal of preserving a certain fraction of the original genetic variability for a
particular period of time. By using a continuous time model, which is probably more
accurate than the discrete gcricration model for most real populations with overlapping
generatons, it is possible to derive general analytical solutions that allow breeding plans to
be specified for management goals involving the maintainance of any fraction of the
original genetic variability for any time period. The text develops the general models and
provides chplicit evaluations in graphicai form for the particular management goal

suggested by Soulé et al. (1986). Analytical formulas are presented in the Appendix.

Dynamics of additive genetic variance in quantitative traits

In the captive environment natural selection on most traits is likely to be greatly reduced

or absent, so that random genetic drift and mutation are the most important factors affecting




genetic variaton in a populaton closed 10 immigration. Nevertheless, there may be
substantial selection on some characters for adaptation to captvity, and evolutionary
changes resembling domestication are likely to occur in captive populations, e.g. selection
for docility and high reproduction (Amold, this vol.). We first analyze random genetic
drift and mutation in a population founded from a given inital number of individuals which

grows to a constant final number. Immigration, selection, and subdivision in a population

of constant size are then analyzed.

Random genetic drift and mutation

Let Vg be the (purely) additive genetic variance in a quantitative character. The input
of additive genetic variance from mutation each generation, Vm , 1s assumed to be a
constant independent of the amount of genetic variance already in the population. This can
be justified by a detailed model of mutz.ltion in which at each locus there is a wide range of
possible allelic effects with each allele mutating at the same rate with the same distribution
of mutational changes in effect, although these parameters may differ between loci (Kimura
1965; Lande 1975). In a diploid randomly mating population, the expected rate of loss of
heterozygosity, or additive genetic variance in a quantitative trait, due to random genetic
drift in the absence of selection is 1/(2Ne) per generation, where 'Ner is the ‘cffcct‘ive
population size (Wright 1931, 1951; Latter and Novitski 1969). Measuring time, ¢, in

generations, the dynamics of the expected value of the additive genetic variance, V__ , under

8
random genetic drift and mutation obey
dv vV
g 8
= - 1% 1
5 N, + V. (1)

(Clayton and Robertson 1955; Lande 1979).

The effective population size may change with time. Here we assume that it is always a

constant multiple of the actual populadon size (N e/N = constant) and, starting from an



effective number of founders, Ne(O), the population grows exponentially at the rate r
per generation untl reaching the final effectve size, Ke . Thus the time in generations to

reach the final size is T= r'lln(K JNe(O)) and the effective populadon size follows

Ne(O)c” for ¢ <<t
N, () = @

Ke for t 21

To account for the age distribution of the founders, Ne(O) can be approximated using
standard (discrete generation) formulas involving sex-ratio and distributions, of progeny
numbers (Crow and Kimura 1970; Lande and Barrowclough 1987), starting with the initial
total reproductive values of males and females (Fisher 1958; Pollard 1973) instead of the -
actual numbess of each sex.

For a population with ov¢r1apping generations, the generation time, T, is defined as
the average age of mothers and fathers of newborn individuals in a population with a stable
age distribution (assuming that the sex ratio of offspring is independent of parental age)
(Leslic 1966; Hill 1979). With a constant life history (age-specific mortality and fecundity
rates independent of time), T depends on the growth rate of the population, being smaller
for populations that are more rapidly increasing (Leslic 1966). Because the change in
generation time within species is ﬁkciy to be small in comparison to the range in generation
times among specics managed by a single institution, and to simplify the analysis and
facilitate comparison of the general results with those obtained by Soul€ et al. (1986) we
assume that T is approximately constant and ignore other complications caused by
changes in age structure.

Fig. 1 displays results accounting for random genetic drift, but ignoring mutation
(assuming Vm =0). The upper right panel with r = 0.5 is nearly idendcal to Fig. 1 of
Soul€ et al. (1986) except that the axes have been reversed to emphasize that we wish to

determine the final effective population size, K ¢ » ficcessary to preserve 90% of the




original additive genetic variance in the base population after 200 years, given T, Ne(O)

and r. An imponant feature of Fig. 1 is that when mutation is neglected the final effective
population sizes needed to achieve this goal are extremely large for species with generation

times of a few years or less. Note that when r=0.2 and Ne(O) =20 the management

goal can not be arttained for species with generation imes less than 21.6 years.

| [Fig.1 here]

Fig. 2 shows analogous results incorporating a typical level of mutation that has been
observed in quantiatitve characters in a variety of organisms, Vm = 10'3Ve where Ve ‘
is the environmental variance in the character that would be expressed in a genetically
uniform populaton (Lande 1975; Hill 1982; Lynch 1988a). We assume that the typical
quantitative character in the base population has a heritability h2 = Vg(O)/[Vg(O) + Ve]
= 0.5 so that Vg(O) = Ve . Franklin (1980) apparently chose these same values for
mutability and heritability when he suggested that in the absence of selection a population
with Ne = 500 would maintain typical levels of additive genetic variance (Lande and
Barrowclough 1987). It should therefore come as no surprise that, even for species with
very short generadon tmes, the value of Ke needed to achieve the management goal
never exceeds 450 (or 90% of Franklin's nuxﬁber).

Comparison of Figs. 1 and 2 reveals that accounting for mutation allows the
management goal to be met with a smaller number of founders. In the discrete generation
model, Soulé et al. point out that Ne(O) must be greater than 5 to preserve 90% of the
genetic variability in the base population, since if Ne(O) =5 then 1/(2.Ne(0)) =0.1 of
the genetic variability will be lost in the first generation. The accumulation of genetic
variance by mutation over several generatons can compensate for a loss of this magnitude,

so that founder numbers smaller than previously proposed may be acceptable.

(Fig.2 here]
Immigraton from the wild

Loss of genetic variance in a small captive populaton can be offset by immigration
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from the wild, assuming that the wild populaton remains large enough to maintain its
original genetic variability. For a given effective population size, immigration from the
wild aiso has the effect of retarding random genetic dnft in the mean phenotype of the
captve population away fram that in the wild populaton. In an equilibnum analysis of the
“island model” Wright (1931, 1951) showed that immigration of a few individuals per
generation will prevent substandal loss of genetic variability or differentiation by random
genedc drift. Here we analyze a relatively simple model of the dynamics of additive gcncﬁé
variance and random genetic drift in the mean phenotype of a small captive population
subject to immigration from a large wild popplation.

The immigration rate from the wild to the captive-population is defined as m, such
that a proportion m of the captive population is replaced by wild individuals matched for
sex and age. Let the wild population have additive genetic variance Vg(O) in a quantitative
character with mean phenotype z(0), which are assumed to remain constant. The variance
in the probability distribution of the mean phcnotype in the captive population caused by
random genetic drift is dcnotcd as V; =E{@(@) - E(O))z]. In this definidon it is assumed
that the mean phenotype is measured on a hypothetical large number of progeny;
measurement of the actual population with effective size Ne would increase the expected
variance in Z(f) by an amount (V_g +V )N, . The dynamics of the expected additive
genetic variance within the captive population and the expected random genetic drift in its

mean phenotype follow the coupled pair of equations

dv v '

_8_._¢& v '"(1 m) 3)
T =Wt Vi + m[Vg@ - Vo ] v_ (
dv? Vg

—Z . —& i . 4
P 2mVE + N assuming m << 1.0 )

(Lande 1979; Lynch 1988b). The last two terms in equation (3) correspond respectively to




the genetic variance carried by the immigrants and the genetic variance that is produced by
hybridization between populatons. For simplicity we assume that Ne is constant and
equal to the size of of the founder populadon. We also assume that immigration occurs at a
small constant rate, m << 1.0.

Fig. 3 (left) shows that with typical levels of mutation even one effective migrant every
few generations (Nem = 1/4, 1/2, or 1) substantally reduces the effective population size
necessary to achieve the management goal. The actual number of immigrants, Nm, differs
from the effective number of immigrants. Nem can be estimated from the ;‘,xpcctcd
reproductive value of the immigrants imes N /N for the captive population.

Fig. 3 (righo) dcpict_s the amount of random genetic drift in the mean phenotype for
popuiations managed to maintain 30% of the original genetic variance after 200 years (as
shown in Fig. 3 left). The mean phenotype in the population is expected to drift less than
one phenotypic standard deviation in 200 years, except for populations with generation
times lcs;s than 0.5 year in the absence of immigﬁation- When Nem ié in the range of 1/4
to 1, more phenotypic differentiation is expected to occur than in the absence of
immigration, unless the generation time is less than 1 or 2 years. This rcsulAt, which at ~
first seems coumcrintuiti#c, occurs bccausc these immigration rates allow the management
goal to be met with smaller cffcctivc» population sizes, which increases the rate of random
genetic drift in the mean phenotype. With Nem > 2, there is expected to be less
phenotypic differentiation than in the absence of immigration because the stabilizing

influence of immigration on the mean phenotype is stronger than the random genetic drift

caused by reduced Ne .

(Fig. 3 here]

Selection in the captive environment
Newly established captive populations often experience substantial selection to adapt to

the captive environment. This includes novel physical condidons such as confinement, and

new social and biotic factors such as isolation or crowding, and exposure to an altered set



of pathogens. There may be additional artificial selection by the managers (consciously or
unconsciously) for docility and high reproductive rate, especially during the early history of
the population. In addition, relaxation of natural selection may result in the gradual
deterioration of some ch:;ractcrs subject to directional mutation, and maintained by
mutation-selection balance in wild populations, especially traits most closely related to
fitness in the wild, e.g. sensory acuity, agﬂity and cognitive function. Higher animal
species may also experience a ioss of culturally transmitted information during a period of a
generation or more in captivity.

The cffect of selection in the captive environment on the additive genetic variance of a
particular trait can be modelled crudely by the loss of a constant proportion s per

generation, so that equation (1) is modified to

W, [
dt=-2Ne+S g+Vm‘ o)

Fig. 4 (left) reveals that with typical rates of mutation, if s is as small as 1%, even an

infinitely large population will not maintain 30% of the original genetic variance for 200
ycars, unless the generaton time of the species is rather long. It may therefore be
impossible to meet the management goal for characters under appreciable selection in
captivity. Instead of causing dispair, this conclusion can be tumned around, in the manner
of Fig. 4 (righs). For species with short generation times, populations with a moderate
effective size will maintain nearly as much genetic variance in selected characters as an
infinitely large populaton.

Deleterious or undesirable evolution in captive populations, caused by adaptation to
captivity or by mutation and random genetic drift, can be counteracted by immigration from
the wild, or by artificial selection imposed by managers. To have much effect in this

context, the rate of immigratdon would have-to be comparable to the strength of selection
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(m 2 5). The imposition of artificial selection to counteract natural selection in captivity

would help to prevent change in the mean phenotype, but may also increase the rate of loss

of additive genetic variance. Another way of reducing evolutionary changes in a captive
population is by increasing generaton time and equalizing progeny numbers. Any required

artificial selection should be exerted within progeny groups, with readjustment to equal size

after selection (Lande and Barrowclough 1987).

[Fig. 4 here]

Population subdivision

Subdivision of a population and random genetic drift within the subpopulations
converts the original genetic variation within the base population into genetc variation
between subpopulations. Population subdivision also allows genetic variation between
populations to accumulate by random genetic drift and fixation of new mutations. Once -
alternative alleles at a locus are fixed in different subpopulations, this component of genetic
variability is permanently maintained and can not be lost as long as the subpopulations
persist. Splitting a population into separate subpopulations with no gene flow or migration
among them is therefore a powerful way of mr;intaining genetic variability, even though the
total population size may be small.

Consider a panmictic populaton with an effective populadon size Ne that is divided at
dme O into n separate subpopulations, each vyith constant effective size N 6jn. The
addidve genetic variance maintained by this population structure after ¢ generadons can be
measured by the amount that would exist if the all subpopulatons were randomly mated
and allowed to attain linkage equilibrium (e.g. after several generations at large population
size). Since purely additive genetic variance within populations is expected to double when
convcﬁcd by random genetic drift to variadon among populadons (Wright 1951) the total

addidve genetic variance in the populaton after panmixia, Vg X is expected to be

Vop®) = Vo0 + 3 (- Un)V;() 6)
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where VQ( t}y and VE([) are respectively the expected genetic variance within
subpopulations and the expected differentiation among subpopulations, as defined above
eqns. (3) and (4).

The preservation of heterozygosity or additive genetic variance in a subdivided
population is most easily illustrated when there is no mutation, migration or selection.
Although smaller subpopulations lose genetic variance faster, Fig. 5 shows that splitting a
populaton of a given total size into more subpopulations is expected to result in the
preservation of more genetic variance. After a few times N Ljn generations, the émount of
additive genetic variance preserved among n subpopulations approaches (1 - I/n)Vg(Q).

| [Fig. 5 here]

With mutation, but no migration or sclection, the subpopulations will coﬁtinuc to
differentiate, and, after many generations have clapsed, the total genetic variance as
measured by eqn. (6) will actually exceed that originally contained in the base population.
Fig. 6 (left) gives the total population size, Ne , needed to maintain 90% of the inital
genetic variance in a typical quantitative character after 200 years, with various numbers of
subpopulations. The curves for n 2 2 are truncated because species with generation
times less than a few years are always expected to maintain more than 96% of the original
genetic variance, regardless of thc-total population size, because of the accuﬁulaxion of new
mutations among populations.

Subdivision can also help to oouhtcract the erosion of genetic variability by selection in
the captive environment, if subpopulations are small enough so that random genetic drift
and fixaton of alternate alleles in different sﬁbpopulations occurs faster than selection. For
example, Fig. 6 (right) depicts the simple case where directional selection operates with
the same intensity on all subpopuladons, regardless of their mean phenotype (c.g. due to
unconscious artficial selection for tameness). It can be seen that for species with
intermediate generation times, splitting the population into many very small subpopulations
makes the management goal attainable, and with feasible total population sizes. Stabilizing




12

selecton toward the same phenotype in all subpopuladons would retard their differentiation
and reduce the impact of subdivision, whereas diversifying selection toward different
phenotypes in different subpopulations would accelerate their differentiation and enhance

the influence of subdivision in comparison to that shown in Fig. 6 (righr).

(Fig. 6 here)

Summary and Discussion

Breeding plans for captive populations should be designed to meet a specific goal.
Possible goals range from the establishment of a permanent captive population for ‘public
display in zoos or arboreta, to captive breeding for later release into the wild (Frankham et
al. 1986; Foose et al. 1986). The present paper concerns captive breeding for later release
into the wild. For many species, especially large mammals and birds, or species with
specialized habitat requirements, continued habitat alteration (directly or indirectly by
human exploitation) will cause extinction or near extinction in the wild, necessitating a
period of captive propagation to produce stock for later release into natural or restored
areas. Soulé et al. (1986) suggested the management goal of maintaining 90% of the initial
heterozygosity for 200 years. We derived an analytical framework for the development of
breeding plans designed to meet this goal for additive genetic variance in typical quantitative
characters. Results are presented in the figures. General analytical formulas in the
Appendix allow construction of breeding plans to meet other goals, such as maintanence of
75% of the original genetic variability for 160 years.

Building on the model of Soul€ et al. (1986) wﬁich includes the number of founders,
exponental growth of the population to its final size, and random genetc drift, the present
results demonstrate that the management goal can be achieved with smaller population sizes
if account is taken of mutation in typical quantitative traits. This is especially important for

species with short generation times, as can be seen from comparison of Figs. 1 and 2.
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Immigraton from the wild of one effective individual every few generations would also
permit substantial reduction in the size of the managed population necessary to meet the
goal (Fig. 3), but this option is not possible if the wild population is extinct, and it may not
be desirable if the wild population has been severly reduced in size for several generations
so that it is highly inbred and depauperate of genctic variability.

These models analyze the dynamics of genetic variability, assuming that in the captive
environment there is no selection on most characters. However, for some traits, such as
tameness, and fecundity, natural or artificial selection for adaptation to captivity may occur.
With appreciable selection in the captive environment, the management goal can not be met
using a single panmictic population, except for species with rather long generation times.
In this situation, a population with an effective size of a .fcw hundred individual can
maintain nearly as much genetic variability as an indefinitely large population, as shown in
Fig. 4. |

Breeding plans for closely managed populations often have a single (nearly) panmictic
populaton with an effective size large enough to avoid severe inbreeding depression and to
maintain substantial amounts of selectively neutral heterozygosity or additive genetic
variance in quantitative traits for long periods of time (Franklin 1980; Foose et al. 1986;
Soul€ et al. 1986). Random exchange of one effective immigrant every few generations
between subdivisions of a populétion readers it nearly panmictic with respect to selectively
neutral variation (Wright 1951; Foose et al. 1986). Most of the deleterious effects of
inbreeding depression can be avoided if the subpopulations have effective size greater than
a few dozen individuals (Lande and Barrowclough 1987). This degree of subdivision also
has the advantagc of reducing the chance of catastrophic extinction (e.g. by epidemics) and
regionalizing logisdcal problems including transportation costs (Foose et al.1986).

Complete subdivision of a population acts to permanently maintain genetic va;iability
between subpopulations rather than within them. Subdivision of a population into

noninterbreeding units may be appropriate if the management goal can not be met with a
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single randomly mating population because of space limitations (Figs. 5 and 6 left).
Extreme subdivision into numerous very small subpopulations may be the only method of
maintaining a high proportion of the original genetic variation for characters that are under
appreciable selection for adaptation to captivity. However, the subpopulatons should not
be so small that they experience severe inbreeding depression. Choice of the degree of
subdivision (e.g., Fig. 6 right) should be based on consideration of the intensity of
selection and the magnitude of inbreeding depression. Stronger selection requires more
subdivision, but larger subpopulation size allows selection to more efficiently counteract
inbreeding depression by eliminating deleterious recessive mutations when they become
homozygous.

In addidon to the goal of maintaining genetic variability, breeding plans should also
limit evolution of mean phenotype in the captive population by random genetic drift or
selection in the captive environment. The Appendix and Fig. 3 show that for the breeding
plans described above, random genetic drift in the mean phenotype is not expected to be
substantal, unless the generation time of the species is much less than one year (ie., on the
order of one month). Aside from reducing the intensity of selection (by equalizing family
sizes, maximizing generaton time, and eliminating conscious selection) or continually
introducing immigrants from the wild, extreme population subdivision may be the most
powerful method of reducing the influence of selection in the captive environment. To
counteract dclctcn'ous mutations or undesirable evolutionary changes in quantitative traits,
Lande and Barrowclough (1987) rccommeﬁd artificial selection within families,
maintaining equal family sizes after selection.

When a captive population is released into a natural or restored area, the inital founders
must reproduce suffiently fast for the population to grow and become established at a size
large enough to avoid extincton from ecological and genetic factors. The number of
individuals released should be sufficiently large to prevent substantal inbreeding and loss

of genetic variability, and to overcome Allee effects such as the difficulty of finding a mate
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in a sparse population. The period of captive propagation should encompass as few -~
generations as possible, to minimize loss of genetic variation, cultural information and
domestication effects. The environment of release should be similar to the onginal natural
habitat to reduce the difficulty of adaptation. In many cases, multiple releases at various

localities will be necessary for successful establishment in the wild (Griffith et al. 1989).
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Appendix

Random genetic drift and mutation. Eqn. (1) is first-order and linear, with
nonconstant coefficient 1/(2Ne(t)) given by eqn. (2). It can be solved using an
integrating factop From the solution, given Vg(O), Ne(O), r and T, we wish to
derive the value of Ke that will satisfy the management goal. Thus we require that the
final effective population size has been reached, 2 t, and that after r = 200/T

generations an expected proportion p (here p = 0.9) of the ininal addidve genetic

variance is maintained, V_g(ZOO/I‘) = pVg(O). The solution of eqn. (1) at r=1 is

T
— -1
Ve@ = (@[, +V,, 6o au] (A1)
0

where the integrating factor is

~rt
I = °XP{ 2N (O)r} (A2)

and ©=rln(K N (0)). For 21, the solution is
YV (1) = V (1) - -7
V() = 2KV, + [Vg(t) 2KeVm]cxP{ 2Ke} (A3)

Although it is not possible to obtain an explicit expression for Ke from these formulas, ¢

can be expressed in terms of Ke as

V0 - 2K,V A
PV 0 - 2K,V,,

r =1+ 2K ln{

in which V;(t) is given by (Al). Generaton times are then obtained from T = 200/:.
In the absence of mutation (Vm = () the term in brackets in the denominator of (A4)
becomes simply /(t)/p as was used to construct Fig. 1. With mutaton it is convenient to

divide numerator and denominator in the bracketed term by Vg(O), setting Vm/V )=
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2.2 ;
(Vm/Ve)(l - h7)h™ in which h2 is the heritability of the character in the base
populauon (see text). To construct Fig. 2, the integral in (Al) was evaluated by

substituting y = ae™ with « = [ZNe(O)r]’l,
T
J[{(u)]'ldu = e [E (™™ - E (@] (AS)
0 : |

where E, (x) =J oc,y'lc'ydy is the exponential integral. In the range 0 <x <1 (if
N :

r >0 this requires that 2Ne(0)r 2 1), the exponenital integral can be approximated with

an error less than 2 x 10'7 by the function (Abramowitz and Stegun 1972)
El(x) = lm:+a0+a11c+azx2+a3x3 +a4x4+a5x5 (A6)
with ag=- 0.57721566 a; = 0.05519968
a, = 0.99999193 ay=- 0.00976004
a, =- 0.24994055 as = 0.00107857

Immigration from the wild. Eqns.r(3) and (4) constitute a coupled pair with constant
coefficients, which can be solved by finding the eigenvalues and eigenvectors of the
system. Since we have assumed that m << 1, the last coefficient in eqn. (3) can be
approximated as m(l - m)/2 = m/2. We must analyze separately the cases of positive
migration. rate and no migration since the solution changes discontinuously as m
approaches 0. ‘

For m > (0, the equilibdium values of the variables are
Vg(oo) = 4Ne[Vm + ng(O)]/(4Nem +1) (A7)

Vo(=) = Vg ()/2N m) . . (A8)
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Defining 8(7) =v_g(:) - v_g(oo) and e(f) = V?(I) - v?(oo) eqns. (3) and (4) become

5 -m - N m2 \( 8
d = (A9)
dr e N, -2m e

The eigenvalues of the matrix in (A8)b are -m and A =- 1/(2Ne) - 2m, with

corresponding eigenvectors in transposed form (Nem’ 1) and (- 1/2, 1). Then
V() = V() + ¢, N me™ - (c./2)eM (A10)
gy’ T g e 20

V() = V() + cc™ czch (All)
Z z

where, using V;(O) = 0 and (A8),
¢ = Vgl - 2V,(O)f@N m +1)
¢y = 2AV4(0) - (1 + VAN m)V ()] [(2N m + 1)

Setting V—g(t) = pVg(O) in eqn. (A10), and dividing all genetic variances by Vg(O) as
after (A4), Newton's method of iteratdon was used to find numerical values of ¢ for given
values of Ne , Nem, f’m/Ve and the initial heritability h2. Numerical values of ¢
were converted to generation times using T = 200/ to plot the solid curves in Fig. 3a,
and they were also substituted into (A11) to construct the solid curves in Fig. 3b.

For m =0, the solutions of eqns. (3) and (4) are

-t/(ZNe)

Y/;(:) =2V V_+ [Vg(O) - 2NV Je (A12)

V@) = 2V.0) - 2NV ][ - o TPV 2%V '
L0 = 2V, - NV, L - e €] Y (A13)
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(Lande 1980). These formulas were used to plot the dashed curves in Figs. 3a and 3b,
proceeding as with (A10) and (A11), except that an analytical expression for ¢ can be
easily obtained from (A12).

Selection in captivity.” Eqn. (5) is linear with constant coefficients. Setting A =

1/(2Ne) + s the soludon is
—_— -1 -1 VY
Vg(t) = A Vm+ [Vg(O) - A Vm]c .. (Al4)

Setting V—g(t) = pVg(O) and solving for ¢ yields

1, f V@ - Vi
t =A In (A15)
{pVg(O) - VrnA ,

Again T =200/t and the variances in the bracketed term can expressed in units of Vg(O)

as after eqn. (A4). Eqns. (A15) and (A14) were used respectively to produce the left and -
right sides of Fig. 4.

Population subdivision.: From eqn. (6), using (A12) and (A13) with Ne divided by

n, we find that with no mutation, and no selection or migration -
— -nr/(?-Ne) '
Vg pO = Vg(O)[ 1-(1-¢ Y/n) (A16)

which was used to construct Fig. 5. With a constant intensity of directional sélection on
each subpopulation, regardless of its mean phenotype, eqn. (5) with Ne divided by
describes the dynamics of V; , and the expected differentiation among subpopulations is
given by dV? /dt = nV—g /Ne . The expected total genetic variance after panmixia in

generadon ¢, with selection and mutatdon, but no migration, is then

Vep® = [V, -V, AlleA+( -eMeM 4 1+ v (A1T)
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where A =n/(2N ) +5 and c = (n - 1)/2N ). Seting T/;P(:)/vg(O) = 0.9, this
cqu‘ation was evaluated as above for a typical character with h2 =0.5 and Vm/Ve =
0.001. Newton's method was employed to obtain numerical solutions for ¢ which were
coaverted to generaton tmes using T =200/t for the constructon of Fig. 6.

Random genetic drift in the mean phenotype. For completely additive genetic variance
Wright (195i) showed that random drift in the mean phenotype of a single populadon is
expected to cause a squared deviation between the initial and final mean phenotypes of
2Vg(0) based on fixation of the original genetic variation. Random genetic drift gnd
fixaton of new mutadons are expected to add a quantity less than 21Vm , regardless of

N (1) (Lande 1980; eqn. A13). Defining vz(z)=v;(:)/[vg(0) LV . then
2 2 ‘
v ® < 2h +2:(V”/V€)(1 - . (A18)

At t = 200/T, the mean phenotype of a typical character with heritability 4% =0.5 and
Vm/V e = 0.001 is not expected to drift more than one phenotypic standard deviation
because of fixation of gqnctic variation in the base population, and less than an additional
1/(5T) phenotypic standard deviations based on new mutations. Thus unless T << 1,
random genetic drift in the mean phenotype is not likely to be substantal in breeding plans
for a single populadon carried out on a timescale of 200 years.

The same conclusion holds with population subdivision, regardless of the sizes of the
subpopuladons or the migration rates between them. Let th; ith subpopulation have
mean phenotype Zl. (measured in a large number of offspring), addidve genetic variance
Vgi and effectve size Nei . The ratio of actual to effective size is assumed to be the
same in all subpopulations, so that the total effectve size in the absence of subdivision

would be Ne = ENei . The grand mean phenotype and the weighted average genetic

variance within subpopulatdons are
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7 = ZNa.E[ /N, and V, = ZNengi/Ne (A19)

The increased variance in the probability distribution of Z due to one generation of random

genedc drift is
Var, 7] = XN _./INYV .IN . = VN (A20)
drift ei e) git el g/ e’

This result is not influenced by migration among subpopulations, provided that individuals
do not incur reduced fitness during ﬁgadom bccausc with purely additive genetc variﬁncc
migration does not alter z. Thus random genetic drift m z occurs at the same rate as if the
populatior.l were panmictic with addidve genetic variance V—g . Because population
subdivision is expected to decrease the additive genetic variance within subpopulations
(Wright 1951; Lynch 1988b), the rate of genetic drift in the grand mean phenotype of a

subdivided population must be less than that for a single panmictic population with the

same total effective size, analyzed in (A18).
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Figure Captions

Fig. 1. Final effectve size of a capdve populaton, Ke , necessary to expect 90% of
the original heterozygosity, or additive genetic variance in quantitative characters, in the
base (wild) populatdon after 200 years, as a function of the generation time, for various
values of the effective number of founders, Ne(.O), and population growth rate per

generation, r. From eqns. (1) and (2), assuming no mutation.

Fig. 2. The same as Fig. 1, but for a typical quantitative character with additive genetc

variance created by mutation at the rate V Ve = 0.001 per generation, and a heritability

in the base (wild) population of h2 =0.5.

Fig. 3. Left.- Effective population size, N, needed to expect 90% of the original
additve genetic variance after 200 years, as a function of the generation time, for various
values of the effective number of immigrants per generation from the wild, Nem,
assuming V_/V, = 0.001 and K = 0.5. Right.-- Expected amount of random genetic
drift in the mean phenotype, in units of phenotypic standard deviations in the wild
populadon, as a function of the generation ime, when Ne is kept for 200 years at the size

given in the left graph. From eqns. (3) and (4).

Fig. 4. Left.-- Effective size of a captive population, Ne , necessary to expect 90% of
the initial additive genetc variance after 200 years, as a function of the generation dme, for
various values of the rate of selective loss of genetic variance, s. Right.-- Expccted’
proportion of additive genetic variance maintained after 200 years as a function of Ne

13

for various values of the generation time, assuming s = 0.01. From eqn. (5).
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Fig. 5. Expected proportion of original heterozygosity or additive genetic variance
maintained as a function of ume, for various numbers of subpopulations, n. Time is
scaled in units of 2Ne, where N, is the total cffective size if the population were
panmictic. There is no mutation or selection, and no gene flow or migration among

subpopulations. From eqn. (6).

Fig. 6. Left.-- Total populatdon size, Ne , needed to maintain 90% of the initial.
additive gcf}ctic variance after 200 years, as a function of the generation time, for various
numbers of subpopulations, n. Evaluated for a character with Vm/Ve =0.001 and h2
= 0.5, but with no selection and no migraton among subpopulations. Right.-- Same as

the left side, but there is selection, s = 0.01 and no mutation, Vm = 0. From eqns. (5)

and (6).
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