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Abstract. The risk of extinction of populations has not previously been empirically
related to parameters characterizing their population dynamics. To analyze this relationship,
we simulated how the distribution of population dynamical characters changed as a function
of time, in both the remaining and the extinct populations. We found for a set of 38 bird
populations that environmental stochasticity had the most immediate effect on the risk of
extinction, whereas the long-term persistence of the population was most strongly affected
by the specific population growth rate. This illustrates the importance of including information on temporal trends in population size when assessing the viability of a population.
We used these relationships to examine whether time to extinction can be predicted from
interspecific life history variation. Two alternative hypotheses were examined. (1) Time to
extinction should decrease with increasing clutch size or decreasing survival rate because
of the larger stochastic components in the population dynamics of such species. (2) Time
to extinction should increase with decreasing clutch size or longer life expectancy if extinction rates are most strongly influenced by variation in the specific population growth
rate. In the present data set, time to extinction increased with decreasing clutch size because
of larger stochastic influences on the population dynamics of species with large clutch sizes
located toward the fast end of the ‘‘slow–fast continuum’’ of life history variation. This
demonstrates that interspecific variation in extinction risk can be predicted from knowledge
of general life history characteristics. Such information can therefore be useful for assessing
minimum sizes of viable populations of birds.
Key words: birds; clutch size; comparative analyses; demography; environmental stochasticity;
life history variation; PVA; stochastic population dynamics; population growth rate; time to extinction;
viable population size.

INTRODUCTION
Extinction is one of the most important ecological
processes affecting biological diversity. With various
kinds of human activity causing rapid loss of species
(May et al. 1995, Pimm et al. 1995), reducing the imManuscript received 25 May 2004; accepted 15 July 2004;
final version received 12 August 2004. Corresponding Editor: B.
J. Danielson.
15 E-mail: Bernt-Erik.Sather@bio.ntnu.no

pact of factors affecting the extinction risk has been
the major focus for many management plans for biodiversity conservation. This requires general insight as
to how different factors are likely to influence time to
extinction (Purvis et al. 2000a). It is surprising that
few general hypotheses have been developed to explain
variation in extinction risk, even in well-known taxa
such as birds.
Five different approaches have been used in comparative studies of extinction risks. (1) A few studies
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(Pimm et al. 1988, Ferraz et al. 2003, Schoener et al.
2003) provide estimates of loss of species in a specific
area over time. In some of those cases, species-specific
risks of extinction have been related to ecological variables (Pimm et al. 1988, 1993) or life history traits
(Pimm et al. 1993, Schoener et al. 2003). Obtaining
unbiased estimates of extinction risk in such studies is
difficult because of problems of sampling individuals
of rare species and distinguishing between transient and
stationary individuals. (2) The number of lost species
may also be derived from species–area relationships
(May et al. 1995) in which the number of species increases with area in a curvilinear way (Rosenzweig
1995). Such analyses have been used to predict the
number of species lost as function of a reduction of
the area of suitable habitat, and have been used especially to assess the consequences of deforestation
(Pimm and Askins 1995), notably in tropical areas
(Brooks et al. 1997, 1999). Unfortunately, these analyses are sensitive to uncertainties in the estimates of
the parameters specifying the species–area relationship
(Simberloff 1992). (3) The World Conservation Union
(IUCN 2001) has developed a set of criteria for classification of populations and species into different categories of vulnerability. Analyses including several
taxa (Owens and Bennett 2000, Purvis et al. 2000 b,
Bennett and Owens 2002, Fisher et al. 2003, Jones et
al. 2003) have shown that species that are threatened
by extinction are not randomly distributed within the
phylogeny. A problem with these analyses is the use
of qualitative criteria for assigning many species to
different risk categories that often do not include any
information on population trends. (4) Time to extinction may be assessed from patterns in time series of
population fluctuations (Inchausti and Halley 2003).
Such analyses have been used to characterize the vulnerability of a large number of populations (Fagan et
al. 2001), ignoring that population variability is a function of many population parameters, each of which may
affect the time to extinction differentially. Furthermore,
many population estimates are strongly biased, making
future population projections uncertain (De Valpine
and Hastings 2002, Ellner et al. 2002). (5) The aim of
population viability analysis is to predict risk of extinction, given a set of preconditions (Morris and Doak
2002). Quantitative estimates of population viability
are now available for a large number of populations
(Dennis et al. 1991, Burgman et al. 1993, Beissinger
and Westphal 1998, Groom and Pascual 1998, Beissinger and McCullough 2002). Recently these analyses
have been severely criticized because of large uncertainties in parameter estimates (Ludwig 1996a, 1999,
Fieberg and Ellner 2000, Ellner et al. 2002) and because
important parameters such as demographic stochasticity often are not properly included in the analyses
(Sæther et al. 2000).
Here we will extend this latter approach and present
quantitative analyses of variation in the expected time
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to extinction based on statistical estimates of parameters affecting the probability of extinction. Theoretical
analyses have shown that the expected time to extinction of a population should increase with population
size (Leigh 1981, Lande 1993). However, this general
relationship has been difficult to support empirically
(Schoener and Spiller 1992, Belovsky et al. 1999,
Schoener et al. 2003), not the least because the expected time to extinction is influenced not only by population size, but also by parameters characterizing the
expected dynamics of the populations, such as the specific growth rate at low densities and the form and
strength of the density dependence (Sæther and Engen
2003, Henle et al. 2004). The expected time to extinction is also strongly affected by stochastic factors,
caused by either demographic or environmental stochasticity (Lande 1998, Lande et al. 2003, Drake and
Lodge 2004). Demographic stochasticity is random
variation among individuals in fitness contributions
(Engen et al. 1998), whereas environmental stochasticity is random variation affecting the whole or parts
of the population similarly (Lande et al. 2003). Ignoring these stochastic effects may lead to serious overestimates of time to extinction (Lande 1998, Sæther
and Engen 2003, Lande et al. 2003). For instance,
Lande (1993) used a simple model (exponential growth
up to a ceiling at the carrying capacity K) to show that
the expected time to extinction with only demographic
stochasticity present increases almost exponentially
with K, whereas the scaling under the influence of environmental stochasticity is a power function of K. Including demographic stochasticity is especially important when assessing the extinction risk at small population sizes, whereas environmental stochasticity affects the expected lifetime of large populations as well
(Lande et al. 2003). The relative contribution of the
different parameters to variation in time to extinction,
however, is poorly understood (Caughley 1994).
Interestingly, variation in parameters characterizing
avian population dynamics is correlated with differences in life history (Sæther and Engen 2002, Sæther
et al. 2002b). For instance, the specific growth rate is
generally smaller in long-lived species whereas the stochastic components of the population dynamics increase among species with clutch size (Sæther et al.
2002b; Sæther et al., in press). This suggests that characteristics of the extinction process should also be related to life history variation. Such a relationship would
be of great importance for development of management
plans of threatened or vulnerable species with poorly
known ecology because it suggests that minimum size
of viable populations is a function of more easily collected life history data. Two general relationships between time to extinction and life history characteristics
are possible (Pimm 1991), comparing populations of
initially the same size and equal carrying capacities. If
extinction occurs mainly due to stochastic effects, time
to extinction should decrease with the average indi-
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vidual longevity. A short life expectancy is generally
found among species located toward the fast end of the
slow–fast continuum of avian life history covariation
(Sæther and Bakke 2000, Bennett and Owens 2002).
This occurs because of larger stochastic components
in the population dynamics of such species. In contrast,
higher extinction rates are expected in long-lived species if interspecific variation in time to extinction is
most strongly influenced by variation in the specific
population growth rate r1 (Sæther et al. 2002b, Bennett
and Owens 2002), which strongly influences the deterministic components of population dynamics.
The presence of any such relationships will facilitate
parameterization of models used in population viability
analysis, which is one of the cornerstones in conservation biology because it aims to provide a quantitative
estimate of the cumulative probability of extinction
within a specified time period (Mace and Lande 1991,
Beissinger and McCullough 2002). Our purpose is to
examine, by extensive use of diffusion approximations
(Lande et al. 2003), how differences in various population parameters affect variation among stationary
bird populations in the expected time to extinction.
POPULATION MODEL
We use the logistic model of density regulation (May
1981) that has been found to describe the density dependence in bird populations quite well (Sæther and
Engen 2002):

1

E(DN z N ) 5 r1N 1 2

N21
K21

2

var(DN z N ) 5 se2N 2 1 sd2 N .

(1a)
(1b)

Here, E is the expectation, N is the population size, K
is the carrying capacity, r1 is the specific growth rate
at N 5 1, and s2d and s2e are the demographic and environmental variance, respectively.
Expected time to extinction was calculated using diffusion approximations (Karlin and Taylor 1981). The
diffusion approximation for the logistic model (for x
5 lnN corresponding to Eqs. 1) has infinitesimal mean
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2
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(2a)

and variance
n(x) 5 s2e 1 s2de2x.

(2b)

The Green function Y (Karlin and Taylor 1981) for the
process is defined as
 S (x )

Y(x, x 0

s (x)n (x)
)5
s (Sx()xn ()x)
0



where

for x # x 0
for x . x 0
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and the lower integration boundary can be chosen arbitrarily (Karlin and Taylor 1981, Lande et al. 2003).
The expected time to extinction at X 5 0 is then

E

`

T5

Y(x, x 0 ) dx.

(3)

0

The use of diffusion approximations in studies of
population processes has been questioned because it
assumes that the population generally changes in small
steps (Ludwig 1996b). However, extensive simulation
studies have shown that diffusion formulas often give
a remarkably accurate description of discrete population processes (Engen et al. 2003).
METHODS

Population data
In our analyses we included long-term ($10 years)
time series of fluctuations of populations in which population estimates were based on direct nest counts or
where a large proportion of the individuals could be
recognized. In this way we hoped to reduce the effects
of sample errors in population estimates that can seriously bias estimates of population parameters (Lande
et al. 2003). In all populations included in the present
analyses, data on the return from one year to another
of breeding females, as well as their offspring, were
also available, and the recapture rates were high. To
reduce the effects of autocorrelation in the time series
due to age-structure effects (Lande et al. 2002), we
only included species in which the modal age of maturity among the females was 3 years old or less. In
this way, we obtained data from 38 populations in 18
species (Appendix).

Life history variables
Modal values of clutch size and age at maturity a
were used as estimates of these life history variables.
The mean recapture rate of individually recognizable
breeding females was used as an estimate of adult survival rate s. The generation time was estimated (Lande
et al. 2003) as G 5 a 1 s/(1 2 s), where a is age at
first reproduction, assuming a stable age structure and
no age specificity in life history traits after sexual maturity.

Estimation of population parameters
The demographic variance s2d is a measure of random
variation among females in their annual fitness (Engen
et al. 1998). The annual fitness of a female i in year t,
denoted Ri, is the number of female offspring born
during the year that survive for at least one year plus
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1 if the female survives to the next year. The demographic variance was estimated for species that were
sexually mature as 1-year-olds (Sæther et al. 1998) as
the weighted mean across years of s2d(t) 5 E(1/[a 2
1]) S(Ri 2 R̄)2, where R̄ is the mean contribution of
the individuals and a is the number of females monitored in year t. For species that matured at later ages
we used the following (S. Engen, R. Lande, and B.-E.
Sæther, unpublished manuscript):

O U1 [1]]Fr 2 ŝ 1 1]]Sr 2 ŝ
2

k

ŝd2 5

i50

2

2
Fi

i

i

12

i

]

]r ]r
d Fi , Si ) .
cov(
]F i ]S i

Conditional composition of parameter values
Many populations will fluctuate around their carrying capacity for a long period of time before they
eventually go extinct (Sæther and Engen 2003). Time
to extinction is then approximately exponentially distributed with mean value T given by Eq. 3. The probability that the population is not extinct at time t is
therefore approximately p 5 e2t/T. In our analysis we
consider n populations, subject to the logistic model of
density regulation (Eqs. 1), at an initial size at X0 5
ln K, where K is the estimated carrying capacity of the
population. Write pi(t) 5 e2t/Ti for the probability that
population i has not gone extinct at time t, where Ti is
the expected time to extinction of population i. Let bi
5 (bi1, bi2, . . . , bi4) be the parameter values (r1, K,
s2e , s2d) for population i and let B0 5 (B01, B02, . . . , B04)
be the value of bi for a randomly selected population
at time t 5 0. Hence, initially the distribution of the
parameters across populations is given by, P(B 5 bi)
5 1/n, i 5 1, 2, . . . , n. At time t . 0 populations may
have gone extinct. The distribution of Bt, defined as the
distribution of parameters of a randomly selected population at time t, conditioned on this population not
being extinct, is
pi (t)

O p (t)
n

j51

5 qi (t).

the parameters across non-extinct populations at time
t. From Eq. 4 we obtain

O b q (t)
var(B ) 5 O b q (t) 2 (E B )
cov(B , B ) 5 O b b q (t) 2 E B E B
E Btj 5

tj

ij

i

tj

2
ij

i

tk

ij

ik

(4)

j

This defines the expected multivariate distribution of

tj

i

(5a)

2

tj

(5b)
tk

(5c)

which also defines the correlations
corr(Btj , Btk ) 5

2
Si

Here r 5 ln G, where G is the dominant eigenvalue of
the mean Leslie matrix; ŝ2Fi and ŝ2Si are the unbiased
estimators for the components of s2d from fecundity Fi
and survival Si in age class i, respectively; cd
ov(Fi, Si)
is the estimate of the covariance between Fi and Si in
age class i; and (U0, U1, . . . , Uk) is the stable age
distribution for the deterministic matrix model.
The parameters in Eqs. 1 were estimated by maximum likelihood using the full likelihood function for
the process obtained by assuming s2d to be known and
that change in (log-) population size DX conditioned
on the logarithm of the population size X is normally
distributed (Sæther et al. 2000, 2002a).

P (Bt 5 b i ) 5
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cov(Btj , Btk )
Ï var(Btj )var(Btk )

.

(5d)

This enables us to study how population extinctions
through time are expected to change the characteristics
of the multivariate distribution across populations of
the parameter estimates.

Phylogenetic analysis
Phylogenetic analysis was performed using the l statistic, introduced by Pagel (1999) and Freckleton et al.
(2002), which measures how closely the variation in
traits across species accords with the predictions of a
Brownian model for trait evolution. l varies between
0 (traits vary independently of phylogeny) and 1 (traits
are distributed according to the Brownian model). l is
estimated by maximum likelihood, and likelihood ratio
tests may be used to determine whether maximum likelihood values differ significantly from 0 or 1 (Freckleton et al. 2002). The maximum likelihood value of
l may be used to correct analyses for phylogenetic
dependence, in particular to adjust data for the observed level of phylogenetic dependence in the data
set. In the analysis that we present, correlations are
reported at the maximum likelihood value of l.
RESULTS
Simulating the time to extinction typically showed
a negative exponential distribution. As shown in Fig.
1, large differences could be found in the distribution
of time to extinction, even between closely related species. We also noted that there was an initial period in
which no extinctions occurred.
We utilized the exponential distribution of time to
extinction (Fig. 1) to examine how the distribution of
parameter values among populations changes through
time due to extinctions (Eqs. 4–5). In the beginning,
small changes were recorded in the composition of the
populations (Fig. 2a). After this initial period, the population losses were approximately constant per time
unit. This loss of populations over time strongly affected the distribution of the parameters in the remaining populations (Fig. 2b). First, a decrease occurred in the environmental variance, indicating that
populations with a high environmental stochasticity
were likely to go extinct first. Then an increase occurred throughout the whole period in the two parameters r and K that specify the deterministic dynamics,
but more strongly in r1 than in K. The demographic
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FIG. 1. Simulation of the distribution of time to extinction
in a population of the Great Tit Parus major population at
the island of Vlieland, The Netherlands (initial population
size N0 5 K 5 114), and in a population of Blue Tit Parus
caeruleus at Corsica, France (N0 5 K 5 54). The number of
simulations was 1 000 000.

stochasticity seemed to influence the extinction process
differentially because a reduction in the demographic
variance of the remaining populations started to occur
after a relatively long period of time (Fig. 2b). This
indicates that the extinction process of bird populations
can be characterized by an initial period in which populations are lost mainly due to the effects of environmental stochasticity, but in which long-term persistence is also determined by the deterministic components (r1 and K) of the population dynamics. As a consequence, the correlation coefficient (Eq. 5d) between
r1 and the stochastic component of the dynamics of the
surviving populations increased through time (the correlation coefficient increased from 0.13 to 0.26 and
from 0.23 to 0.33 with s2e and s2d, respectively). This
demonstrates an interaction through time between the
deterministic and stochastic parts of the population dynamics. In contrast, the correlation between r and K
increased only from 0.25 to 0.29.
We have shown that deterministic components and
the stochastic factors affect the long-term persistence
of the populations differentially (Fig. 2b). Thus, in order to examine the hypotheses on the extinction risk
and general life history characters, we related the expected time to extinction with life history characteristics for each species. To do so, we computed the mean
equilibrium population size required to produce an expected time to extinction T of 1000 years (log10KT51000),
i.e., how large the carrying capacity of a population
need to be for the population not to go extinct during
a period of 1000 years. These estimates were then related to the mean species-specific values of the population parameters and two major life history variables:
clutch size and adult survival rate. The size of
log10KT51000 increased with s2e (correlation coefficient 5

697

0.54, P 5 0.02, n 5 18; phylogenetic correlation 5
0.51, P , 0.025 (l 5 0.042)), but was not significantly
related to any other population dynamic parameter.
When we accounted for the positive correlation between r1 and s2e (correlation coefficient 5 0.44, P 5
0.07) in a multiple regression analysis, variation in both
s2e (standardized regression coefficient 5 0.80, P ,
0.001) and r1 (standardized regression coefficient 5
20.59, P 5 0.007) explained a significant proportion
of the interspecific differences in log10KT51000. As expected from the life history correlates of population
dynamics in birds (Sæther and Engen 2002, Sæther et
al. 2002b), size of log10KT51000 increased with clutch
size (Fig. 3; correlation coefficient 5 0.61, P 5 0.007,
n 5 18; phylogenetic correlation 5 0.63, P , 0.005
(l 5 0.182)), but was only weakly correlated with adult
survival rate (correlation coefficient 5 20.44, P 5
0.07, n 5 18) and generation time G (correlation coefficient 5 20.32, P . 0.19, n 5 18). However, after
accounting for phylogeny, log10KT51000 decreased sig-

FIG. 2. Temporal changes in (a) the expected number of
populations remaining and (b) the expected value of parameters in the remaining populations standardized according to
the initial distributions of parameters across populations. Here
K is the carrying capacity, r1 is the specific growth rate at N
5 1, s2d is the demographic variance, and s2e is the environmental variance.
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FIG. 3. The mean of the (log10) equilibrium population
size needed to produce an expected time to extinction T equal
to 1000 years (log10 KT51000) for each species in relation to
interspecific differences in clutch size. The regression line
(solid line) is y 5 1.443x 1 0.194; P 5 0.005.

nificantly with adult survival rate (phylogenetic correlation 5 20.46, P , 0.05 (l 5 0)). This indicates
that the population size necessary for keeping the expected time to extinction at T 5 t increases with the
position of the species toward the fast end of the slow–
fast continuum of avian life history covariation (Sæther
and Bakke 2000, Bennett and Owens 2002). Although
the index of phylogenetic dependence l indicated that
both clutch size and adult survival were strongly linked
to phylogeny (l 5 1 in both cases; likelihood ratio
tests against l 5 0: clutch size, x2 5 8.692, P 5 0.003;
adult survival, x2 5 11.388, P , 0.001), log10KT51000
showed no strong evidence of phylogenetic dependence
(l 5 0.382, likelihood ratio test against l 5 0: x2 5
2.134, P 5 0.144). This suggests that both species- and
population-specific factors can strongly influence the
population size necessary for persistence.
DISCUSSION
Our results show that estimation of expected times
to extinction of bird populations requires knowledge
about the deterministic component as well as the stochastic effects on the population dynamics (Fig. 2b).
However, we have shown on top of the relationship
between expected time to extinction and population
size that there is a clear effect of species-specific differences in extinction risk (Fig. 3). This occurs because
interspecific stochastic influences on avian population
dynamics are in part related to variation in life history
traits; i.e., environmental stochasticity (Sæther and Engen 2002, Sæther et al. 2002b) and demographic stochasticity (Sæther et al., in press) increase with clutch
size. Because stochastic effects reduce the long-run
growth rate (Eq. 1a), a larger specific growth rate r is
necessary for population persistence in highly fecund
than in long-lived species. However, more precise predictions of extinction risks can only be obtained when
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data about local population parameters are available,
because there is large interpopulation variation in expected time to extinction (Fig. 1, Appendix).
An examination of the estimated expected times to
extinction shows extremely long times to extinction
(Appendix). This occurs because only populations with
stationary fluctuations around K are included in our
analyses. This implies that we assume that current environmental conditions also will prevail in the future,
which, of course, is not necessarily true. For instance,
a reduction of K or the specific growth rate, e.g., because of habitat loss or environmental deterioration,
will strongly reduce the expected time to extinction
(Lande et al. 2003, Sæther and Engen 2003). Furthermore, long-term climatic trends (Houghton et al. 2001)
as well as temporal changes in the strength of trophic
interactions are likely to induce autocorrelation in the
noise, which will affect the estimated time to extinction
(Halley and Kunin 1999, Heino et al. 2000). Thus, our
estimates (Appendix) should be considered only as indicative for real extinction risks.
Our finding (Fig. 3) that larger populations are necessary to produce a given time to extinction at the fast
end of the slow–fast continuum of life history variation
(Sæther and Bakke 2000) rather than at the slow end
seems to be in contrast to results from analyses of life
history correlates of global extinction risks in birds
(Bennett and Owens 1997, 2000), as well as in other
vertebrate taxa (Reynolds 2003). These studies suggest
that, in general, long-lived species that delay maturity
face a larger risk of extinction than do highly reproductive species with a short life expectancy. One reason
for this discrepancy may be that we have corrected for
the confounding effect of population size. Accordingly,
in an analysis of population lifetimes of mammals in
North American national parks, population persistence
time increased with initial population size (Newman
1995). After correcting for population size, longer survival times were found in species with delayed age at
maturity, similar to the pattern (Fig. 3) recorded in our
study.
An important tool in conservation of rare and endangered species has been the classification of species
into the different vulnerability categories of the IUCN
(2001). Although originally based on a quantitative approach (Mace and Lande 1991), the data necessary for
such analyses are rarely available and the risk classification is then based on indirect evidence, mainly related to the overall abundance of the species in question. Even in well-studied taxa such as birds and mammals, data on temporal trends in population sizes of
most rare and endangered species are lacking. Our results suggest that this approach will underestimate the
risk of extinction because there will be a lag in time
before extinction starts to occur as a consequence of a
change in the population dynamics (Figs. 1 and 2).
Thus, information on trends or population dynamics,
and not only on population size, must be included when
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designing overall conservation strategies for threatened
or vulnerable bird species.
Our analyses focus on the risk of extinction of local
populations. Interpolating these results up to a larger
geographical scale to improve of our understanding of
processes affecting extinction on regional or global
scales is difficult because such generalizations must
involve strong assumptions about the pattern of interchange of individuals among local populations (Engen
et al. 2002). Our results suggest that a general classification of interspecific variation in extinction risk of
birds will be influenced by the relationship between
total population size and the position of the species
along the slow–fast continuum of life history variation
(Sæther and Bakke 2000). For instance, in British birds,
total population sizes as well as average abundance of
a species were related to several life history characteristics (Blackburn et al. 1996): abundance decreased
with age at maturity, life span, and lifetime reproduction. Thus, this suggests that, at a regional level, species
with life history characteristics associated with a low
risk of extinction (Fig. 3), in general, were less abundant than species located toward the fast end of the
slow–fast life history continuum.
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APPENDIX
A table showing the estimates of the population parameters is available in ESA’s Electronic Data Archive: Ecological
Archives E086-035-A1.

