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Abstract: The mean and variance of lifetime reproductive success, E;ps and Vg, influence the ratio of effec-
tive to census population size, N, /N.. Because the complete data needed to calculate E;pg and V,pg are seldom
available, we provide alternatives for estimating N,/N, from incomplete data. These estimates should be use-
Jful to conservation biologists trying to compute the effective size of a censused population. An analytical ap-
Dproach makes assumptions regarding the process influencing offspring survival. We provide a method for ex-
amining the validity of those assumptions and show that particular violations can result in either over- or
underestimates. When the assumptions are violated or when more data are available, we suggest estimating
N,/N, using computer simulations of models based on individuals. We examine bow such simulations can be
used to estimate N,/N, using an individual-based model for Lesser Snow Geese (Anser caerulescens). We dem-
onstrate that such estimates can be biased unless the simulations are based on complete coborts and samples
of known age. We show that because the estimate of N,/N, depends on the stage of the reproductive cycle used
as a point of reference in the model, the census population size N, must be based on the same stage to provide
unbiased estimates of N,.

Tamafio poblacional efectivo y el éxito reproductivo vitalicio

Resumen: La media y la varianza del éxito reproductivo vitalicio (E;ps Y Vigs) influencia el cociente entre
tamario poblacional efectivo y el tamario censal N,/N,. Dado que los datos completos necesarios para calcu-
lar Ejps y Vigs estan raramente disponibles, nosotros proveemos alternativas para estimar N,/N, a partir de
datos incompletos. Estas estimaciones deberian ser titiles para los biélogos de la conservacion que tratan de
computar el tamavio efectivo de una poblacion censada. Una aproximacion analitica utiliza supuestos
acerca del proceso que influencia la supervivencia de la progenie. Nosotros proveemos de un método para
examinar la validez de esos supuestos y mostramos violaciones particulares que resultan en sobreestima-
ciones o subestimaciones. Cuando los supuestos son violados o cuando mds datos estan disponibles, nosostros
sugerimos estimar N,/N, utilizando simulaciones de modelos basados en individuos. Examinamos como
tales simulaciones pueden ser usadas para estimar N,/N, utilizando un modelo basado en individuos para el
ganso (Anser caerulescens). Demostramos que tales estimaciones pueden estar sesgadas a menos que las sim-
ulaciones esten basadas en cobortes completas y muestras de edades conocidas. Mostramos que dado que la
estimacion de N,/N, depende del estado del ciclo reproductivo usado como punto de referencia en el modelo,
el tamario poblacional censal (N,) debe estar basado en el mismo estado a efecto de proveer estimaciones de
N, no sesgadas.

Introduction and Background size determines the rate of loss of heterozygotes in a

population and is thus necessary for calculating a mini-
Effective population size (V) is central to many issues in mum viable population size that avoids inbreeding de-
conservation biology. For example, effective population pression or that maintains specified levels of additive ge-

netic variance (Lande & Barrowclough 1987). Because
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a necessary effective size and need to project the census
size, it would be useful to be able to convert between
them (Nunney 1994).

Effective population size is known to be affected by
factors such as sex ratio, mating system, fluctuations in
population size, overlapping generations, and differ-
ences among families in the number of offspring re-
cruited into the population. The potential effect of the
last factor is clear in Crow and Kimura’s (1970) formula-
tion (EQN 7.6.2.17 in Table 7.6.4.1):

(N,_, F)—2
Ne =51 Vb M

where N,_, is the census size of a closed population
with non-overlapping generations at time t—2 and & and
V, are the mean and variance of recruited progeny per
parent. Although this formulation assumes that sexes are
separate, it does not assume that their contributions to 2
and V), are equal. If we assume that the population size
is not changing rapidly and is reasonably large, so that
N, = N, >>2, and if we define N, as the census size of
the population, N, we can rewrite equation 1 as

ﬁe = _—?_ . (@)
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The ratio of effective to census population size clearly
depends on the mean and variance of recruited progeny
per parent. Although this formulation is based on non-
overlapping generations, the results of Hill (1972, 1979)
show that the dependency is more general. He demon-
strated that the effective size of a population with over-
lapping generations is equal to that of one with nonover-
lapping generations that has the same number of
individuals entering the population each generation and
the same variance in lifetime reproductive success.
Lande and Barrowclough (1987) note that the mean and
variance of lifetime reproductive success must be used
for & and V, when estimating N, for populations with
overlapping generations.

Unfortunately, the mean and variance of lifetime re-
productive success are usually poorly known, if known
at all, because it is difficult to obtain complete lifetime
information on the reproductive success of members of
natural populations (Barrowclough & Rockwell 1993).
Most investigations provide only annual estimates of
adult survival and reproductive success, usually mea-
sured simply as clutch, brood, or litter size. Although
these may be adequate for investigations of short-lived
organisms with non-overlapping generations, they are
inadequate for longer-lived species. Few published em-
pirical studies provide estimates of the rate at which the
offspring are recruited into the population as breeding
adults, and still fewer provide variances for those rates.
Most studies implicitly assume a Poisson distribution of
offspring recruitment, although available data suggest
this is a poor assumption (Barrowclough & Rockwell

Conservation Biology
Volume 9, No. 5, October 1995

Rockwell & Barrowclough

1993). For many birds, for example, the variance of life-
time reproductive success is greater than the mean. Not
accounting for this would lead to a biased overestimate
of N...

We show that it is possible to generate reliable esti-
mates of the ratio of effective to census population size,
even in the absence of information on recruitment rates,
by combining the means and variances of breeding life
expectancy and some measure of annual reproductive
success. Of course, certain assumptions must be made,
but we discuss both how violations of the assumptions
can be detected and the effect of such violations on the
estimate. We present an alternative, computer-model ap-
proach to estimating this ratio when those assumptions
are not likely met and more data are available. Using this
individual-based model, we discuss several additional
limitations that must be considered when estimating N,/
N, with any method.

Estimation of N./N, When Only Means and
Variances Are Known

Constant and Independent Survival of Offspring

Let X and V| be the mean and variance of breeding life
expectancy. Let Xy, and Vy; be the mean and variance of
some easily measured component of fecundity (such as
clutch size in birds). Finally, let p and V, be the probabil-
ity and variance that one unit of that observed measure
of fecundity (such as an egg) reaches breeding age. Bar-
rowclough and Rockwell (1993) showed that, when
they are independent, these estimates can be combined
to form both the expectation and the variance of life-
time reproductive success:
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These estimates can be entered into equation 2, as 2 and
V, respectively, to obtain the ratio N./N.. For simplicity,
we have assumed that the parameters in equations 3 and
4 are the same for males and females. When they are
not, and especially when the differences result from the
mating system, more-complex equations must be used
(Nunney 1991, 1993).

The mean and variance of p, offspring survival to
adulthood, are often the least wellknown estimates
available in studies of natural populations (Newton
1989). In part, this is due to difficulties in monitoring
young (and often small) stages of the life cycle and to
the failure of new recruits to return to natal areas for
breeding (dispersal). As a first approximation, we as-
sume that the survival of one unit of fecundity to breed-
ing age is a Bernoulli process in which an “offspring” ei-
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ther lives with probability p or dies with probability 1 — p.
Further, we assume that offspring survival is indepen-
dent both within and between families and can thus be
viewed as a set of Bernoulli trials with constant p. (Toss-
ing a coin is a Bernoulli process; independently tossing
several identical ones would be a set of Bernoulli trials
with constant p.) Under these assumptions variance in
offspring survival to adulthood is V, = p-(1 — p), and
equation 2 can be rewritten as

Ne _ P X Xy
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which can be rearranged to
N, X, Xy,
N, 2 . (©)
c Xy "V, + X"V,
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By letting k* = X, - Xy and V. = Xz - V; + X, -V, be,
respectively, the mean and variance of reproductive suc-
cess based on easily measured variables (Barrowclough
& Rockwell 1993, equations 1 and 2), equation 6 can be
recast in a form similar to that of equation 2:
A QI S @
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Conveniently, the survival probability of the unit of fe-
cundity (p) has canceled from the equations. Under
these conditions of independent offspring survival, then,
the most difficult to obtain and least accurate variable in-
volved in many studies of lifetime reproductive success
is not required to calculate the ratio of effective to cen-
sus population size.

Nolan’s (1978) data on Prairie Warblers (Dendroica
discolor) constitute an example, in which the mean and
variance of reproductive lifespan are X; = 2.80 and V| =
4.30, and those for reproductive success, measured as
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number of hatchlings, are Xy, = 2.47 and Vy; = 3.59. As-
suming that survival of the hatchlings until they are re-
cruited into the breeding population can be viewed as a
set of Bernoulli trials with p = 0.29, the ratio of effective
to census population size from equation 6 is N./N, =
0.62. The accuracy of this estimates depends, of course,
on whether the survival of one offspring is independent
of that of other offspring, both within and between fam-
ilies.

Non-Independent Survival of Offspring

How can it be determined if among-offspring survival is
completely independent? Moreover, how do departures
from this ideal situation affect the estimates of N./N_? Fi-
nally, are there alternatives when offspring survival is
not independent?

When offspring survival is independent both within
and between families, the distribution of numbers of sur-
viving offspring among families, each of which were ini-
tially the same size k, takes the familiar form of a bino-
mial distribution (Fig. 1a). The variance of this
distribution is Ve, = p- (1 — p)- k, where k is the ini-
tial size of the family before any offspring mortality
(Feller 1950). A separate binomial distribution and Vg,
can be calculated for each family size class in the popula-
tion (for example, k = 4 hatchlings, 5 hatchlings, etc.) It
is important to note that the variance of the binomial
distribution is not Vp from above; rather, it is the often
more easily measured variance in the number of surviv-
ing offspring among families that began with the same
initial size.

In many species, parents and offspring remain to-
gether until the young reach an age of demographic in-
dependence (Findlay et al. 1982). While together, and
especially while under parental care, siblings may suffer
a common fate. For example, some parents may lose all
of their offspring while others lose few if any. In such
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Figure 1. The distribution of recruited offspring from families of an arbitrary species with six egg clutches and an
average survival of 0.29 per egg under binomial (a), bimodal (b), and clumped (c) family survival patterns.
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