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a b s t r a c t

Population growth rate is a function of several life-history variables, which differ in their

potential influence on population dynamics. Knowledge of the relative importance of these

life-history variables can have implications for ecological and evolutionary theory as well

as the conservation of endangered species. We used life-history data for 155 populations of

birds to estimate asymptotic growth rate (�) and elasticity of � to changes in four life-history

variables: age at maturity (˛), juvenile survival (Pj), adult survival (Pa), and mean fertility

(F). Elasticities were used to quantify relative importance, and to test predictions regarding

the pattern of relative importance. Neither ˛ nor any other single life-history variable was

most influential in all populations, but Pa had the largest relative influence on � in 53.5% of

the populations. Several metrics (�/˛, �/Pa, F/˛, m/˛, and two estimates of generation time: Ā

and T) were strongly correlated with elasticities, suggesting that these metrics may be useful

predictors of the pattern of relative importance. In general, reproductive parameters (˛ and

F) were most important in populations that matured early and had high reproductive rates,

whereas survival parameters (Pj and Pa) were most important in populations that matured
late and had low reproductive rates, consistent with earlier research in other taxa. Metrics

that require minimal data and have strong predictive power (e.g. the m/˛ ratio) should be

useful in devising conservation plans for those species that lack detailed demographic data.
1. Introduction

An important goal in population ecology is to estimate the
rate at which a population is growing or declining. Because
the population growth rate is a function of several life-history
variables, changes in these parameters will cause changes in
the growth rate (Caswell, 2001; Oli and Armitage, 2004). Ques-

tions regarding which life-history variables have the greatest
influence on population growth rate, and the overall pattern
of influence of such variables (hereafter, pattern of relative
importance) have attracted much theoretical interest over
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the past 50 years (Cole, 1954; Lewontin, 1965; Meats, 1971;
Snell, 1978; Caswell and Hastings, 1980; Stearns, 1992; Oli and
Dobson, 2003) and also has the potential to be of consider-
able conservation importance (Benton and Grant, 1999; Mills
et al., 1999; Heppell et al., 2000; Caswell, 2001). In the case of
endangered or pest species, knowing which life-history vari-
ables have the strongest impact on the population growth

rate enables managers to target those parameters to increase
the population growth rate of a threatened species (Crouse
et al., 1987; Crowder et al., 1994; Fisher et al., 2000; Gerber
and Heppell, 2004), to reduce the population growth rate of
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an invasive or pest species (Shea and Kelly, 1998), or to deter-
mine sustainable harvest of a population (Citta and Mills,
1999; Caswell, 2001). Measures of the relative importance of
life-history variables to population growth rate also can be
viewed as selection gradients (Van Tienderen, 2000; Caswell,
2001; Coulson et al., 2003; Forbis and Doak, 2004). Those life-
history variables with the greatest influence on growth rate are
also expected to experience strong selection pressure (Stearns,
1992; Charlesworth, 1994; Caswell, 2001).

Lamont Cole (1954) was one of the first to investigate the
pattern of relative importance of life-history variables on pop-
ulation growth rate. Based on simulation studies, Cole con-
cluded that “. . . the age at which reproduction begins is one of
the most significant characteristics of a species . . .” (1954:138).
Since Cole (1954), several authors (Lewontin, 1965; Meats, 1971;
Snell, 1978; Caswell and Hastings, 1980; Stearns, 1992; Oli and
Dobson, 2003) have examined the pattern of relative impor-
tance. The earlier studies (e.g., Cole, 1954; Lewontin, 1965)
were based on simulations, while later analyses (e.g., Oli and
Dobson, 2003) were based on analytical methods using matrix
models. Many of the studies mentioned have made theoret-
ical predictions or proposed metrics that allow one to pre-
dict the pattern of relative importance using combinations
of reproductive and survival parameters, and the population
growth rate. However, there is a paucity of empirical stud-
ies testing these predictions (see Oli and Dobson, 2003 for an
exception).

The pattern of relative importance has been thoroughly
investigated in mammalian populations (Oli and Dobson,
2003), but similar analyses on most other taxa are currently
lacking. A recent study based on the analysis of 49 avian pop-
ulations by Sæther and Bakke (2000) concluded that in pop-
ulations characterized by high reproductive rates, changes in
fertility had the greatest impact on the population growth rate,
whereas in populations with low reproductive rates, changes
in survival (particularly of adults) had the greatest impact on
the growth rate. Sæther and Bakke’s (2000) work made impor-
tant contributions to the understanding of patterns of relative
importance in avian populations, and formed the basis of our
study. However, the authors did not consider the influence
of age at maturity on population growth rate, an influential
life-history variable (Cole, 1954; Oli et al., 2002), nor did they
test any of the theoretical predictions regarding the pattern of
relative importance. Our study significantly extends Sæther
and Bakke’s (2000) findings by examining the relative impor-
tance of several life-history variables to population growth
rate, including age at maturity, as well as testing several theo-
retical predictions regarding the pattern of relative importance
in avian populations.

We used elasticities (de Kroon et al., 1986, 2000; Caswell,
2001) to quantify the relative importance of four life-history
variables: age at maturity (˛), juvenile survival (Pj), adult sur-
vival (Pa), and fertility (F) to the asymptotic population growth
rate (�) in 155 avian populations representing 113 species from
41 families and 14 orders, making this the most comprehen-
sive study of this type. We tested six theoretical predictions

concerning the use of several life-history metrics to predict the
pattern of relative importance: (1) age at maturity should have
the highest influence on � (Cole, 1954); (2) the pattern of rel-
ative importance of life-history variables to � should depend
g 1 9 8 ( 2 0 0 6 ) 23–39

on � and differ between increasing populations and declin-
ing/near equilibrium populations (Meats, 1971; Snell, 1978);
(3) the pattern of relative importance should depend on the
�/Pa ratio (Caswell and Hastings, 1980); (4) the pattern of rela-
tive importance should depend on � and ˛ (Stearns, 1992); (5)
the pattern of relative importance should depend on the mag-
nitude of reproduction relative to the onset of reproduction
(F/˛ and m/˛ ratios, where m is the average fecundity (Oli and
Dobson, 2003; Oli, 2004; Oli and Dobson, 2005)); (6) the pattern
of relative importance should be determined by generation
time (Gaillard et al., 2005). These metrics have the potential
to predict the pattern of relative importance even for popu-
lations for which data are limited. Therefore, these metrics
could serve as useful tools in, for example, recovery efforts
for endangered species (populations of which are often char-
acterized by limited data). Finally, we examined the influence
of phylogeny and body mass on the elasticities, and inves-
tigated the relative importance of life-history variables to �

after statistically removing the effects of phylogeny and body
mass.

2. Methods

We compiled avian life-history data from published literature
(Appendix I). Data based solely on the male segment of the
population or from captive populations were not used. If life
tables or age-specific survival and at least average fecundity
rates were available, age-specific survival probabilities (Pi) and
fertilities (Fi) were estimated using birth-pulse, post-breeding
census methods (Caswell, 2001):

Pi = li
li−1

(1)

Fi = miPi (2)

where li is age-specific survivorship (probability at fledging of
surviving to age class i) and mi is age-specific fecundity (the
average number of female offspring fledged by each female
of age class i). We then constructed an age-classified Leslie
matrix A for each population (Caswell, 2001).

Because age at first (˛) and last reproduction (ω) do not
appear explicitly in the age-based Leslie matrix, the sensitiv-
ity and elasticity of � to changes in these two variables can-
not be estimated using standard techniques. Thus, we used a
post-breeding census partial life-cycle model (Oli and Zinner,
2001a,b) for demographic analyses. The post-breeding census
partial life-cycle model is based on two life-history stages:
juvenile (pre-reproductive) and adult (reproductive) (Oli and
Zinner, 2001a,b). Juveniles take ˛ time units to reach reproduc-
tive maturity, and they survive each time unit with probability
Pj. Once reproduction begins at age class ˛, adults survive with
a probability Pa and reproduce with an average fertility F each
time unit until age at last reproduction, ω. The characteristic
equation for the post-breeding census partial life-cycle model
is (Oli and Zinner, 2001a):
1 = FP˛−1
j �−˛ − FP˛−1

j Pa�−˛−1 + FP˛
j �−˛−1

−FP˛
j Pω−˛

a �−ω−1 + Pa�−1. (3)
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The largest real root of Eq. (3) is an estimate of the asymp-
otic population growth rate, �. Although some age-specific
nformation is lost (simplified models are likely to overlook
omplex patterns of demography, especially in long-lived
pecies), the simplified partial life-cycle model allows esti-
ation of the sensitivity and elasticity of � to changes in all

ife-history variables, including ˛ and ω; other advantages of
he model are discussed elsewhere (Oli and Zinner, 2001a;
li, 2003a,b; Oli and Dobson, 2003). Therefore, we used the
artial life cycle model of Oli and Zinner (2001a) for demo-
raphic analyses of populations for which life tables or esti-
ates of the five life-history variables (˛, ω, Pj, Pa, and F) were

vailable.
We defined ˛ and ω as the first and last age classes with

onzero fertility, respectively. When age-specific data were
vailable, m, Pj, and Pa were estimated from the age-classified
opulation projection matrix as weighted averages, weighted
ccording to the contribution of each age class to the stable
ge distribution (Oli and Zinner, 2001a):

=
∑ω

i=˛
wimi∑ω

i=˛
wi

, (4)

j =
∑˛

i=1wiPi∑˛

i=1wi

, (5)

a =
∑ω−1

i=�+1wiPi∑ω−1
i=�+1wi

, (6)

here wi is the ith entry of the right eigenvector (stable age
istribution) corresponding to the dominant eigenvalue of the
ge-classified projection matrix A. F was then estimated as

= mPa (7)

For a majority of the populations included in our study
86%, N = 134 of 155), age-specific data or estimates of ω

ere not available. Thus, we used a reduced-parameter post-
reeding census partial life-cycle model that requires only four
arameters (˛, Pj, Pa, and F) (Oli, 2003a). This model is similar
o that in Eq. (3), except that ω is ignored. The characteristic
quation is:

˛+1 − �˛Pa − P˛−1
j F� + P˛−1

j FPa − P˛
j F = 0. (8)

We used the estimates of life-history variables that were
eported by the sampled studies. We estimated ˛ as the

ean age (rounded down) at which females laid their first
lutch. Many neotropical migrant passerines exhibit low natal
hilopatry, and estimates of first year survival can be dif-
cult to obtain. In cases where juvenile survival was not
eported (N = 5), we estimated Pj as one-half of the reported

dult survival rate (May and Robinson, 1985; Holmes et al.,
996). The average fecundity (m) was the average number of
emale fledglings produced per adult female per year. Fertility
ate (F) was then estimated using Eq. (7).
1 9 8 ( 2 0 0 6 ) 23–39 25

2.1. Quantifying the relative importance

The asymptotic growth rate of a population, �, was estimated
as the largest real root of Eq. (3) or Eq. (8), depending on the
availability of estimates of ω (or detailed demographic data).
We used prospective perturbation analysis (sensitivity and
elasticity) to quantify the effect of changes in a parameter on �.
Sensitivity of � to changes in a variable p was estimated as the
partial derivative of � with respect to p (i.e., ∂�/∂p, where p is the
life-history variable in question), and was obtained by implicit
differentiation of Eq. (3) or Eq. (8). Elasticity of � to changes in
a variable p was calculated by multiplying the sensitivity of �

to p by p/� (i.e., [p/�][∂�/∂p]; Caswell, 2001). Because elasticities
are directly comparable among life-history variables and sum
to one (excluding ˛ and ω), we used elasticities to quantify the
relative importance of life-history variables to � (de Kroon et
al., 2000; Caswell, 2001; Oli and Dobson, 2003).

2.2. Effects of hierarchical taxonomy and body mass

We used Dunning (1992) as a source for avian body masses
and as a guide for taxonomy. Taxonomy in Dunning (1992)
was based on Clements (1990), which made use of Sibley
and Ahlquist (1990). To investigate the effects of hierarchical
taxonomy (hereafter, taxonomy) and body mass on elasticity
patterns, we used a nested ANCOVA, with order as the main
effect, family nested within order, and body mass as a covari-
ate (Stearns, 1983, 1984; Miles and Dunham, 1992; Oli and
Dobson, 2003). All elasticity values were log(e)-transformed.
Absolute values of the residuals were examined to investi-
gate the pattern of elasticities after the effects of taxonomy
and body mass were removed. Theoretical predictions regard-
ing the relative importance of life-history variables to � were
tested using original elasticity values, because these predic-
tions were made independent of taxonomy and body mass.

2.3. Testing theoretical predictions and evaluating
proposed metrics of relative importance

In order to evaluate Cole’s (1954) conclusion that age at matu-
rity (˛) should have the highest relative influence on �, we
examined the relationship between ˛ and the absolute values
of the elasticity of � to changes in each life-history variable.
Therefore, the life-history variable with the largest influence
on � would be ranked first and the parameter with the least
influence on � would be ranked fourth.

The idea that the relative importance of life-history vari-
ables to � depends on � (Meats, 1971; Snell, 1978) was evaluated
by examining the relationship between � and the elastici-
ties. Additionally, to determine whether the order of relative
importance differed between increasing and decreasing/near
equilibrium populations, we compared the ranking of abso-
lute values of the elasticities for populations in which � > 1
(increasing) to those in which � ≤ 1 (declining/near equilib-
rium).

Several proposed metrics of the relative importance (�/P ,

�/˛, T and Ā, and F/˛ and m/˛) had no obvious cut-off points.
Therefore, we examined the relationship between elastici-
ties and the metric of interest to identify situations in which
a pattern of elasticities, if any, was apparent. Although the
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the elasticities (Table 2). Population growth rate (�) was most
strongly correlated with F, but also correlated with ˛ and Pj.
Values for e(Pa) and e(˛) were most strongly correlated with F,
while e(F) was most strongly correlated with Pa and ˛ (Table 2).

Table 1 – Summary statistics for body mass (g),
life-history variables, population growth rate (�), and
elasticities

Variable Mean S.E. Min. Max.

Mass (g) 1425.210 269.757 7.300 34000.000
˛ 2.690 0.210 1.000 12.000
ω 13.905 2.165 3.000 50.000
Pj 0.500 0.018 0.032 0.945
Pa 0.735 0.014 0.270 0.987
m 0.934 0.070 0.060 4.305
F 0.595 0.037 0.040 2.698
� 1.104 0.030 0.531 2.834

Elasticity of � to changes in
˛ (absolute value) 0.468 0.051 0.017 4.359
Pj 0.249 0.010 0.015 0.537
Pa 0.437 0.019 0.005 0.942
26 e c o l o g i c a l m o d e l

thresholds were arbitrary, we feel that these values enable
us to find such situations, and are based on similar thresh-
olds of a previous analysis (Oli and Dobson, 2003). Caswell and
Hastings’ (1980) metric of relative importance, the �/Pa ratio,
was evaluated by ranking the absolute values of elasticities
for each population as before. We then examined the data for
a trend in the relationship between elasticity ranks and �/Pa

ratio.
Stearns (1992) suggested that the relative importance could

be determined using ˛ and �, and we evaluated this proxy by
examining the relationship between the �/˛ ratio and the elas-
ticities. The pattern of relative importance in populations with
�/˛ < 0.3 was compared to those characterized by �/˛ > 1.15.

We evaluated the magnitude of reproduction relative to the
timing of reproduction as a proxy for the relative importance of
life-history variables (Oli and Dobson, 2003; Oli, 2004) by exam-
ining the relationship between the F/˛ and m/˛ ratios, and
the elasticities. We compared the pattern of relative impor-
tance in populations that matured early and exhibited high
reproductive rates (F/˛ > 0.6, m/˛ ≥ 0.75) to those characterized
by delayed maturity and low reproductive rates (F/˛ < 0.15,
m/˛ ≤ 0.25).

Finally, generation time was evaluated as a proxy for the
pattern of relative importance (Gaillard et al., 2005) using two
measures of generation time. The first measure of generation
time, T, defined as the time required for the population to
increase by a factor of the net reproductive rate (R0), was esti-
mated as (Caswell, 2001):

T = log R0

log �
, (9)

where � was estimated as described above. The net repro-
ductive rate R0 was the dominant eigenvalue of the matrix
R (Caswell, 2001):

R = FN, (10)

where F is the reproductive matrix consisting of the age- or
stage-specific fertility rates on the first row of the matrix and
zero elsewhere, and N is the fundamental matrix defined as
(Caswell, 2001):

N = (I − T)−1, (11)

where I is the identity matrix and T is the transition matrix.
Entries of the matrix T (tij) represent the probability that an
individual alive in stage j at time t is alive in stage i at time
t + 1 (Caswell, 2001). We note that, for age-structured matrix
models or partial life cycle models in Eq. (3), the estimate of R0

obtained from this approach will be identical to that obtained
from equation 5.62 of Caswell (2001).

The second measure of generation time, Ā, was the mean
age of the parents of the offspring produced by a population
at the stable age distribution and was estimated as the inner
product of the left (v) and right (w) eigenvectors (correspond-

ing to the dominant eigenvalue) of the population projection
matrix A, with the first entry of the eigenvectors scaled to
be 1. That is, Ā = 〈w, v〉, with w(1) = 1, and v(1) = 1. For age-
structured models or partial-life-cycle model in Eq. (3), the
1 9 8 ( 2 0 0 6 ) 23–39

estimate of Ā obtained in this way will be identical to that com-
puted using equation (5.77) of (Caswell, 2001). We note that Ā

is the inverse of the elasticity of � to fertility (i.e., Ā = 1/e(F)),
and that the sum of the elasticity of � to all survival terms is
(1 − 1/Ā) (Gaillard et al., 2005; Oli and Dobson, 2005).

3. Results

We compiled life-history data for 155 avian populations, repre-
senting 113 species, 41 families, and 15 orders. Passeriformes
was the most represented order, with 40 populations of 32
species, followed by Charadriiformes (28 populations of 16
species), Falconiformes (20 populations of 12 species), and
Procellariiformes (16 populations of 14 species). Life-history
variables showed substantial variation, and ranged as follows:
˛, 1–12 year; Pa, 0.270–0.987; Pj, 0.032–0.945; F, 0.040–2.698. Pop-
ulation growth rate � ranged from 0.531 to 2.834 and body
mass ranged from 7.3 to 34,000 g (Table 1). Therefore, our
study included species with diverse life-histories and in vari-
ous stages of population growth.

The mean (S.E.) elasticity of � to changes in each life-
history variable was as follows: absolute value of e(˛) = 0.468
(0.051); e(Pa) = 0.437 (0.019); e(F) = 0.314 (0.021); e(Pj) = 0.249
(0.010) (Table 1). On average, e(˛) was the highest, followed
by e(Pa) and e(F) (Table 1). The population growth rate was
most sensitive to changes in adult survival in most popula-
tions, as e(Pa) ranked first most frequently (53.5%, N = 155), fol-
lowed by e(˛), 26.5%; e(Pj), 11.0% and e(F) in 9.0% of populations
(Fig. 1).

The life-history variables were well correlated with each
other, and with body mass and elasticities. Of the metrics of
relative importance considered, � was the least correlated with
F 0.314 0.021 0.011 0.980

Life-history variables are as follows: ˛ = age at maturity; ω = age
at last reproduction; Pj = juvenile survival; Pa = adult survival;
F = fertility. N = 155, except for ω, where N = 21.
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Table 2 – Correlation matrix for body mass (g), life-history variables, population growth rate (�), elasticity of � to changes in four life-history variables, and metrics of
relative importance

Mass ˛ ω Pj Pa F � �/˛ �/Pa F/˛ m/˛ Ā T e(˛) e(Pj) e(Pa)

˛ 0.726
<0.0001

ω 0.607 0.387
0.004 0.083

Pj 0.529 0.658 0.468
<0.0001 <0.0001 0.033

Pa 0.655 0.665 0.818 0.629
<0.0001 <0.0001 <0.0001 <0.0001

F −0.250 −0.468 0.007 −0.477 −0.365
0.002 <0.0001 0.977 <0.0001 <0.0001

� 0.039 −0.213 0.433 −0.229 −0.014 0.735
0.632 0.008 0.050 0.004 0.861 <0.0001

�/˛ −0.635 −0.955 −0.185 −0.656 −0.597 0.639 0.492
<0.0001 <0.0001 0.422 <0.0001 <0.0001 <0.0001 <0.0001

�/Pa −0.443 −0.623 −0.430 −0.609 −0.728 0.767 0.696 0.766
<0.0001 <0.0001 0.052 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

F/˛ −0.584 −0.873 −0.253 −0.668 −0.610 0.840 0.537 0.940 0.807
<0.0001 <0.0001 0.269 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

m/˛ −0.634 −0.888 −0.443 −0.702 −0.723 0.802 0.471 0.934 0.842 0.989
<0.0001 <0.0001 0.045 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Ā 0.668 0.861 0.564 0.643 0.742 −0.698 −0.429 −0.899 −0.831 −0.926 −0.951
<0.0001 <0.0001 0.008 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

T 0.719 0.905 0.721 0.710 0.817 −0.632 −0.317 −0.901 −0.804 −0.904 −0.944 0.969
<0.0001 <0.0001 0.000 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

e(˛) −0.547 −0.736 −0.205 −0.748 −0.671 0.872 0.562 0.825 0.867 0.933 0.942 −0.912 −0.891
<0.0001 <0.0001 0.374 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

e(Pj) 0.266 0.460 0.090 0.710 0.254 −0.082 −0.259 −0.488 −0.361 −0.328 −0.334 0.318 0.299 −0.282
0.001 <0.0001 0.699 <0.0001 0.001 0.311 0.001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.000 0.000

e(Pa) 0.332 0.476 0.650 0.639 0.635 −0.767 −0.710 −0.639 −0.943 −0.717 −0.746 0.745 0.719 −0.833 0.345
<0.0001 <0.0001 0.001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

e(F) −0.660 −0.855 −0.564 −0.615 −0.738 0.723 0.422 0.889 0.819 0.924 0.947 −1.000 −0.970 0.916 −0.166 −0.745
<0.0001 <0.0001 0.008 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.039 <.0001

Life-history variables were as follows: ˛ = age at maturity; ω = age at last reproduction; Pj = juvenile survival; Pa = adult survival; F = fertility. The absolute value of e(˛) was used and all variables were
log(e)-transformed. P values for H0: r = 0 are given below each correlation coefficient. N = 155 except in the following cases: ω (N = 21); T (N = 154; values of T < 0 were treated as missing values); Ā (N = 151;
values of Ā > 50 were treated as missing values).
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Fig. 1 – Frequency distribution (%) of ranks of elasticity
(absolute value) of � to changes in four life-history
variables: age at maturity (˛), juvenile survival (Pj), adult
survival (Pa), and fertility (F). For each population (N = 155)
we ranked absolute values of the elasticities in descending
order such that the life-history variable with the largest
relative influence on � would be ranked first, and the

variable with the smallest relative influence on � would be
ranked fourth.
A nested ANCOVA with body mass as a covariate revealed
that a substantial proportion of variance of elasticity of �

to changes in ˛ (57.1%), Pj (37.0%), Pa (66.9%), and F (79.0%)
was associated with taxonomy and body mass (Table 3). After

Table 3 – Results of nested ANCOVA (with body mass as
a covariate) for elasticity of population growth rate (�) to
changes in ˛, Pj, Pa, and F in 155 populations of birds

Source d.f. F P R2

e(�):
Body mass 1 12.51 0.0006 0.571
Order 14 5.88 <0.0001
Family (order) 26 1.36 0.1352

e(Pj):
Body mass 1 0.71 0.4027 0.370
Order 14 1.73 0.0587
Family (order) 26 1.03 0.4369

e(Pa):
Body mass 1 15.57 0.0001 0.669
Order 14 9.02 <0.0001
Family (order) 26 2.01 0.0065

e(F):
Body mass 1 33.21 <0.0001 0.790
Order 14 10.2 <0.0001
Family (order) 26 1.31 0.1706

All variables were log(e)-transformed. Life-history variables are as
follows: ˛ = age at maturity; Pj = juvenile survival; Pa = adult survival;
F = fertility. e(p) = the elasticity of � to changes in the life-history vari-
able, p. Values of R2 represent the proportion of variation in elasticity
of � to changes in each life-history variable explained by the nested
ANCOVA model.

Fig. 2 – Frequency distribution (%) of ranks of elasticity
(absolute value) of � to changes in ˛, Pj, Pa, and F in (A)
increasing populations (� > 1; N = 83) and (B) declining/near

equilibrium populations (� ≤ 1; N = 72). For symbol
definitions and methods used for ranking, see Fig. 1.

removing the effects of taxonomy and body mass, elastic-
ity of � to changes in ˛, Pj, Pa, and F, ranked first in 10.32%,
16.13%, 34.84%, and 37.42% (N = 155) of the populations,
respectively.

No single life-history variable was most important in a
majority of increasing populations (� > 1, N = 83, Fig. 2); e(Pa)
ranked first most frequently (38.6%, N = 83) followed by e(˛)
(36.1%). However, Pa was most important to � in a majority
of declining/near equilibrium populations (� ≤ 1, N = 72); e(Pa)
ranked first most frequently (70.8%).

The �/Pa ratio was significantly correlated with the elas-

ticity of � to all life-history variables (Table 2). In general, e(˛)
and e(F) increased, and e(Pa) and e(Pj) decreased with increas-
ing values of �/Pa ratio (Fig. 3). Separating the populations into
four groups based on values of �/Pa ratio revealed situations in
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ig. 3 – Relationship between �/Pa ratio and elasticity of pop
uvenile survival, e(Pj); (C) adult survival, e(Pa); (D) fertility, e(F

hich changes in survival or reproductive parameters became
ore important. For populations in which �/Pa > 1.6 (N = 44),

(˛) and e(F) ranked first most frequently (77.3% and 22.7%,
espectively, Fig. 4). In populations with �/Pa < 1.15 (N = 46),
(Pa) ranked first most frequently (91.3%). For populations with
�/Pa ratio between 1.15 and 1.6, the pattern was less clear

Fig. 4).
We examined the relationship between the �/˛ ratio and

lasticities to investigate Stearns’ (1992) prediction. The �/˛
atio exhibited a predictable association with elasticities
Table 2 and Fig. 5). Again, by grouping the populations based
n the �/˛ ratio, we were able to find situations in which
ither reproductive parameters or survival parameters were
ost important to �. In increasing populations characterized

y early maturity (�/˛ > 1.15; N = 32), e(˛) ranked first most fre-
uently (78.1%, Fig. 6). In contrast, growth rates of populations
haracterized by low growth rate and late maturity (�/˛ < 0.3;
= 38) tended to be most sensitive to changes in Pa; e(Pa)

anked first most frequently (78.9%). The pattern of relative
mportance was less clear for populations characterized by
ntermediate values of �/˛ (Fig. 6).

Populations that were characterized by early maturity, high
eproductive rates and low survival had short generation times
i.e., small values of Ā and T); the opposite was true for pop-
lations characterized by high survival, delayed maturity and

ow reproductive rates (i.e., large values of Ā and T). The first

stimate of generation time, Ā, was strongly correlated with
lasticities (Table 2). Because Ā = 1/e(F), Ā and e(F) were per-
ectly negatively correlated (Table 2 and Fig. 7). In order to find
ituations in which reproductive or survival parameters were
on growth rate (�) to changes in (A) age at maturity, e(˛); (B)
= 155).

most important to �, we grouped the populations by values of
Ā (Fig. 8). In populations with short generation time (Ā < 2.5;
N = 55), e(˛) or e(F) ranked first most often (74.5% and 25.5%,
respectively, Fig. 8). For populations with 2.5 ≤ Ā < 8, e(Pa) and
e(Pj) ranked first most often (79.5% and 20.5%, respectively,
N = 49). However, e(F) and e(˛) ranked second in several popu-
lations, and the pattern of relative importance was less clear.
Finally, when Ā > 8 (long generation time), e(Pa) or e(Pj) ranked
first in all cases (86.3% and 13.7%, respectively, N = 51, Fig. 8).

The relationship between T and elasticities was similar to
that between Ā and elasticities (Table 2 and Fig. 9). When T < 2
(N = 37), e(˛) and e(F) ranked first (81.1% and 18.9%, respectively,
Fig. 10). In populations characterized by long generation times
(T > 6, N = 65) e(Pa) and e(Pj) ranked first most frequently (83.1%
and 16.9%, respectively). The pattern of relationship between
T and elasticities was unclear for intermediate values of T.

Both estimates of generation time exhibited an interesting
pattern of relationship with the values of e(Pa) and e(Pj) as seen
in Figs. 7 and 9. By examining the relationship for each value
of ˛ separately, it became apparent that as Ā increased, e(Pa)
increased in importance while e(Pj) decreased in importance
(Fig. 7). Thus, the pattern of elasticities was completely deter-
mined by Ā and ˛ in most populations in our study.

Finally, the F/˛ and m/˛ ratios were used to evaluate Oli
and Dobson’s (2003) prediction. The F/˛ ratio was strongly cor-
related with elasticities, especially e(˛) and e(F) (Table 2 and

Fig. 11). In populations in which reproductive output was high
and onset of reproduction was early (F/˛ > 0.6, N = 36), ˛ and F
were most important in all cases with e(˛) and e(F) ranking first
in 86.1% and 14.9% of populations, respectively (N = 36, Fig. 12).
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Fig. 4 – Frequency distribution (%) of ranks of elasticity (absolute
value for �/Pa ratio; (A) �/Pa > 1.6 (N = 44), (B) �/Pa < 1.15 (N = 46), (C
symbol definitions and methods used for ranking, see Fig. 1.

Fig. 5 – Relationship between �/˛ ratio and elasticity of populatio
juvenile survival, e(Pj); (C) adult survival, e(Pa); (D) fertility, e(F) (N
value) of � to changes in ˛, Pj, Pa, and F in four ranges of
) 1.15 ≤ �/Pa ≤ 1.4 (N = 38), and (D) 1.4 < �/Pa ≤ 1.6 (N = 27). For

n growth rate (�) to changes in (A) age at maturity, e(˛); (B)
= 155).
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ig. 6 – Frequency distribution (%) of ranks of elasticity (absolute
alue for �/˛ ratio; (A) �/˛ > 1.15 (N = 32), (B) �/˛ < 0.3 (N = 38), (C) 0.3
ymbol definitions and methods used for ranking, see Fig. 1.

ig. 7 – Relationship between generation time (Ā) and elasticity o
aturity, e(˛); (B) juvenile survival, e(Pj); (C) adult survival, e(Pa); (

xcluded.
value) of � to changes in ˛, Pj, Pa, and F in four ranges of
≤ �/˛ ≤ 0.6 (N = 38), and (D) 0.6 < �/˛ ≤ 1.15 (N = 47). For

f population growth rate (�) to changes in (A) age at
D) fertility, e(F) (N = 151). Values of Ā > 50 (N = 4) were
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Fig. 8 – Frequency distribution (%) of ranks of elasticity
(absolute value) of � to changes in ˛, Pj, Pa, and F in three
ranges of value for generation time (Ā). (A) Ā < 2.5 (N = 55),

(B) Ā > 8 (N = 51), and (C) 2.5 ≤ Ā ≤ 8 (N = 49). For symbol
definitions and methods used for ranking, see Fig. 1.

In populations characterized by late maturity and low repro-
ductive output (F/˛ < 0.15, N = 45), survival was most important
in all cases, with e(Pa) and e(Pj) ranking first most often (82.2%
and 17.8%, respectively, N = 45, Fig. 12). The pattern of rela-
tionship between the F/˛ ratio and elasticities was less clear
for populations with intermediate F/˛ values.

One criticism of the F/˛ ratio is that it is not just a ratio of

the magnitude and timing of reproduction, because F includes
adult survival (Gaillard et al., 2005). Thus, we also examined
the relationship between elasticities and the m/˛ ratio (Oli,
2004). The ratio of fecundity to age at maturity (m/˛), was not
1 9 8 ( 2 0 0 6 ) 23–39

only better correlated with elasticities (Table 2 and Fig. 13), but
required less data (estimate of adult survival was not needed).
However, the pattern of relationship between elasticities and
m/˛ ratio was similar to that between elasticities and F/˛ ratio
(Fig. 14).

When m/˛ ≥ 0.75 (early maturity, high fecundity, N = 51),
reproductive parameters had the greatest influence on �. If
e(˛) ranked first (78.4%), e(F) ranked second; when e(F) ranked
first (21.6%; N = 51), e(˛) ranked second (Fig. 14). In popula-
tions characterized by m/˛ ≤ 0.25 (late maturity, low fecundity,
N = 57), changes in survival parameters had the greatest poten-
tial influence on � most frequently; e(Pa) and e(Pj) ranked first
in 84.2% and 15.8% of these populations, respectively.

4. Discussion

Biological populations exhibit a great diversity in patterns of
life-history, and such patterns can have substantial population
consequences. Cole (1954) unambiguously established that
the pattern of life-history determines the population growth
rate (and thus, the dynamics of a population), but that life-
history variables differ with respect to their potential influ-
ences on the population growth rate. Cole’s insightful results
inspired a series of theoretical studies investigating aspects
of the relative importance of life-history variables to popu-
lation growth rate (Lewontin, 1965; MacArthur and Wilson,
1967; Meats, 1971; Green and Painter, 1975; Snell, 1978; Caswell
and Hastings, 1980; Stearns, 1992). The relative importance of
life-history variables to population growth rate is frequently
interpreted as the selection gradient, and has important impli-
cations for the evolution of life-history traits (Benton and
Grant, 1999; Van Tienderen, 2000; Coulson et al., 2003; Forbis
and Doak, 2004). Additionally, the pattern of relative impor-
tance has become an integral part of the formulation and
implementation of management plans for the conservation of
threatened or endangered wildlife species (Crouse et al., 1987;
Crowder et al., 1994; Mills et al., 1999; Caswell, 2000; Fisher et
al., 2000; Heppell et al., 2000; Gerber and Heppell, 2004).

With the recent advances in the theory of matrix pop-
ulation models (Caswell, 2001), empirical evaluation of the
pattern of relative importance has gained some momentum.
Heppell et al. (2000) and Oli and Dobson (2003) recently investi-
gated the pattern of relative importance in mammals. Heppell
et al. (2000) found that mammals that matured early and
had high reproductive rates tended to be characterized by
high fertility elasticities and low adult survival elasticities.
Mammals that matured late had low reproductive rates and
experienced high adult survival rates were characterized by
high adult survival elasticities and low fertility elasticities.
Oli and Dobson (2003) made use of a partial life-cycle model
(Oli and Zinner, 2001a) that enabled them to investigate the
potential influence of changes in age at maturity on the pop-
ulation growth rate. The analysis by Oli and Dobson (2003)
supported the results of Heppell et al. (2000) and addition-
ally found that the elasticity of � to changes in reproductive

parameters (˛ and F) increased as maturation was accelerated
(small ˛) and reproductive rate increased (large F), while the
importance of reproductive parameters (˛ and F) declined as
maturation was delayed (large ˛) and reproductive rate was
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Fig. 9 – Relationship between generation time (T) and elasticity of population growth rate (�) to changes in (A) age at
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aturity, e(˛); (B) juvenile survival, e(Pj); (C) adult survival, e(P

ecreased (small F); in the latter situation, survival parameters
Pa and Pj) had the largest relative influence on �. Additionally,
li and Dobson (2003) introduced the magnitude of repro-
uction relative to the onset of reproduction (the F/˛ ratio)
s a proxy for elasticities and suggested its use in wildlife
onservation.

Sæther and Bakke (2000) investigated the variation in
ife histories and the pattern of relative importance of life-
istory variables to � in 49 avian populations. They con-
luded that the elasticity of � to changes in adult survival
ecreased with increasing clutch size, while it increased with
n increase in adult survival; only the latter pattern remained
fter controlling for taxonomy. The elasticity of � to changes
n fecundity increased with an increase in clutch size and
ecreased strongly with an increase in adult survival; both
ffects remained after controlling for taxonomy.

In this study we expanded on the work of Sæther and
akke (2000) in several ways. First, we tripled the sample
ize by compiling data for 155 avian populations. Secondly,
e examined the relative importance of several life-history

ariables, including ˛, an important life-history variable (Cole,
954; Lewontin, 1965). Finally, we statistically controlled for
he effects of body mass and taxonomy on the elasticity pat-
erns.

Similar to what previous authors have shown in mam-
als (Heppell et al., 2000; Oli and Dobson, 2003), we found

large range in demography (e.g. some individuals gave birth

o just one offspring per attempt, while others gave birth to
any). We found adult survival (Pa) to have the highest rel-

tive influence on � in a majority of the populations (Fig. 1),
) fertility, e(F) (N = 154). Values of T < 0 (N = 1) were excluded.

and were therefore unable to support Cole’s (1954) prediction
that ˛ should be the most important life-history variable to
�. Although e(˛) ranked first in a majority of populations that
matured early (˛ at or near 1) and had high reproductive rates,
this was not the case when all sampled populations were
included. Therefore, Cole’s (1954) prediction could not be gen-
eralized for all bird species, a conclusion consistent with that
of Oli and Dobson (2003) for mammalian populations.

Population growth rate (�) was poorly correlated with elas-
ticities, and thus was a poor predictor of the pattern of relative
importance. Additionally, no clear pattern of relative impor-
tance was found when data were analyzed separately for pop-
ulations in which � > 1 and those with � ≤ 1. The prediction of
Meats (1971) and Snell (1978), that � should determine the pat-
tern of relative importance and that the pattern should differ
between increasing and decreasing/near equilibrium popula-
tions, was therefore not supported by data, echoing the find-
ings of Oli and Dobson (2003).

The �/Pa ratio was well correlated with elasticities, espe-
cially e(Pa), e(F), and e(˛). When elasticities were examined
for four groups based on the �/Pa ratio, we were able to find
predictable patterns of relative importance, especially at the
extreme values of �/Pa (Fig. 4). This and the strong correla-
tion between �/Pa and elasticities (Table 2) lead us to support
Caswell and Hastings’ (1980) prediction that �/Pa could be
used to predict the pattern of relative importance. Caswell

and Hastings (1980) concluded that when the �/Pa ratio was
high, there should be strong selection for decreased devel-
opmental time, and therefore increased fertility. Our results
support their conclusion. Growth rates of populations charac-
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Fig. 10 – Frequency distribution (%) of ranks of elasticity
(absolute value) of � to changes in ˛, Pj, Pa, and F in three
ranges of value for generation time (T). (A) T < 2 (N = 37), (B)
T > 6 (N = 65), and (C) 2 ≤ T ≤ 6 (N = 52). Values of T < 0 were

excluded (N = 1). For symbol definitions and methods used
for ranking, see Fig. 1.

terized by high adult survival (and therefore low �/Pa ratios)
were most sensitive to changes in survival parameters, while
growth rates of those with low adult survival (high �/Pa ratios)
were most sensitive to changes in reproductive parameters
(Figs. 3 and 4). Our finding, that changes in Pa became more

important to � with increasing Pa and decreasing F, is con-
sistent with the results of previous studies regarding relative
importance (Heppell et al., 2000; Sæther and Bakke, 2000; Oli
and Dobson, 2003).
1 9 8 ( 2 0 0 6 ) 23–39

Like the �/Pa ratio, the �/˛ ratio was well correlated with
elasticities, and had high predictive power regarding the pat-
tern of relative importance (Table 2 and Fig. 5). Populations
with early maturity (high �/˛) showed a marked difference in
the pattern of relative importance when compared to popu-
lations maturing late (low �/˛); reproductive parameters were
most important when �/˛ was high, survival parameters were
most important when �/˛ was low (Figs. 5 and 6). Stearns’
(1992) prediction was generally supported by data when elas-
ticities were analyzed based on the values of the �/˛ ratio.

Generation time was strongly correlated with the elastici-
ties, and was also a strong predictor of the pattern of relative
importance. Reproductive parameters were most important in
populations with short generation times (low values for T and
Ā), characterized by early maturity, high reproductive rates,
and low adult survival. Populations with long generation times
(high T and Ā values) were characterized by delayed maturity,
low reproductive rates, and high adult survival. In such pop-
ulations, � was most sensitive to changes in survival parame-
ters (Figs. 7 and 10). Heppell et al. (2000) found no significant
correlation between e(Pa) and generation time (Tc—their Eq.
(2)), although our analysis shows that e(Pa) was well corre-
lated with both of our estimates of generation time (Table 2).
Additionally, the pattern of relationship between T and espe-
cially Ā and the life-history variables of interest was striking
(Figs. 7 and 9). As Oli and Dobson (2005) also found in mam-
mals, elasticity patterns of birds are primarily determined by
Ā and ˛. This pattern is not surprising because Ā = 1/e(F) and
e(Pa) + e(Pj) = 1 − Ā. Thus, the measures of generation time (T
and Ā) were useful in predicting the pattern of relative impor-
tance, supporting the prediction of Gaillard et al. (2005).

The F/˛ ratio was a good predictor of the pattern of relative
importance based on the strong correlation between the ratio
and the elasticities. When F/˛ was high (early maturity, high
reproductive rates) reproductive parameters were most impor-
tant; when F/˛ was low (late maturity, low reproductive rates)
survival parameters were most important (Figs. 11 and 12).
Sæther and Bakke (2000) found similar results; the impor-
tance of fecundity to the population growth increased with
increasing clutch size, while the importance of adult survival
increased with a reduction in clutch size. Therefore, the pre-
diction of Oli and Dobson (2003), that the ratio of the magni-
tude and timing of reproduction should determine the pattern
of relative importance was supported by data. Oli and Dobson
(2003) introduced the F/˛ ratio as a simple proxy for elasticity,
but it has received recent criticism (Gaillard et al., 2005).

Admittedly, the F/˛ ratio includes adult survival (F is the
product of m and Pa), and thus the F/˛ ratio is not simply
the ratio of magnitude and onset of reproduction. Therefore,
we also investigated the pattern of elasticities relative to the
m/˛ ratio (which does not include Pa (Oli and Dobson, 2005)).
The m/˛ ratio was strongly correlated with elasticities, at least
as strongly as any other proxy of elasticity, and exhibited a
predictable relationship with elasticities (Fig. 13). Thus, the
magnitude of reproduction relative to onset of reproduction
appears to be a good proxy for elasticities, using either the

m/˛ or F/˛ ratio to quantify it.

Our study was the first to empirically evaluate metrics that
have been suggested to quantify relative importance for avian
populations. With the exception of � (Meats, 1971; Snell, 1978),
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ig. 11 – Relationship between the F/˛ ratio and elasticity of popu
B) juvenile survival, e(Pj); (C) adult survival, e(Pa); (D) fertility, e(F)

ig. 12 – Frequency distribution (%) of ranks of elasticity (absolut
alue for F/˛ ratio; (A) F/˛ > 0.6 (N = 36), (B) F/˛ < 0.15 (N = 45), (C) 0.1
ymbol definitions and methods used for ranking, see Fig. 1.
lation growth rate (�) to changes in (A) age at maturity, e(˛);
(N = 155).

e value) of � to changes in ˛, Pj, Pa, and F in four ranges of
5 ≤ F/� ≤ 0.4 (N = 46), and (D) 0.4 < F/� ≤ 0.6 (N = 28). For
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Fig. 13 – Relationship between the m/˛ ratio and elasticity of pop
e(˛); (B) juvenile survival, e(Pj); (C) adult survival, e(Pa); (D) fertility

Fig. 14 – Frequency distribution (%) of ranks of elasticity (absolut
value for m/˛ ratio; (A) m/˛ ≤ 0.75 (N = 51), (B) m/˛ ≤ 0.25 (N = 57), (C
symbol definitions and methods used for ranking, see Fig. 1.
ulation growth rate (�) to changes in (A) age at maturity,
, e(F) (N = 155).

e value) of � to changes in ˛, Pj, Pa, and F in four ranges of
) 0.25 < m/˛ ≤ 0.5 (N = 23), and (D) 0.5 < m/˛ < 0.75 (N = 24). For
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ll of the proposed metrics were strongly correlated with the
lasticities and appeared useful in predicting the pattern of
elative importance. However, for these metrics to be useful
n conservation biology, one must be able to calculate them
sing minimal demographic data because complete demo-
raphic data are seldom available for species of conservation
oncern (Heppell et al., 2000). For this reason, it is difficult
o envision the usefulness of metrics such as Ā and T, or
hose that contain � (Meats, 1971; Snell, 1978; Caswell and
astings, 1980; Stearns, 1992; Gaillard et al., 2005), because

hey require all the data necessary for calculating � and elas-
icities. Because the m/˛ ratio requires less data than all other
roxies of elasticities, and exhibits a predictable relationship
ith elasticities, this metric promises to be useful in the for-
ulation or implementation of conservation plans for rare or

ndangered species with minimal demographic data. The m/˛
atio may not be the best proxy for relative importance, but
ecause it can make use of minimal data (typical of threat-
ned species) we feel it is the most useful for species when
etailed demographic data are not available. In cases in which
emographic data are lacking, managers may benefit from the
se of the m/˛ ratio for decision making; when estimates of m
re not available, ˛ alone would be a useful metric because of
trong correlation with elasticities. Target populations may be
isturbed by unnatural conditions (e.g. introduced predators),
nd neither the pattern of elasticity nor the ratio of choice
ould be able to identify which vital rates are being disturbed.
owever, we feel that ratios, such as those listed above, would

till be useful tools in population recovery.
It is important to note that for most populations (N = 134)

e used the model without age at last reproduction (ω). This
odel assumes infinite lifespan. It follows that the elasticity

f � to changes in adult survival will be higher than when ω is
ncluded in the model, especially for populations with high Pa

Oli, 2003a), however the impact of older age-classes may be
rivial because the number of individuals in those age-classes
eclines for older age-classes. Despite minor methodological
ifferences our results were similar to those for the mam-
alian populations reported by Oli and Dobson (2003) who

sed a fully parameterized partial life cycle model including
. Therefore, although the relative importance of Pa may have
een inflated in some cases, we do not believe that ignoring ω

ubstantially influenced the pattern of relative importance or
ur main conclusions.

By statistically controlling for the effects of body mass and
axonomy, we were able to determine the influence of tax-
nomy and body mass on the pattern of relative importance.
ecause life-history variables are correlated with body mass

Western, 1979; Western and Ssemakula, 1982; Stearns, 1983;
estern, 1983; Stearns, 1984), and species that share a com-
on evolutionary history are likely to possess similar life-

istory traits (Stearns, 1983, 1984), it was no surprise that a
ubstantial amount of the variation in elasticity patterns could
e explained by body mass and taxonomy. When effects of
ody mass and taxonomy were statistically removed, the pat-
ern of relative importance changed substantially. In a similar

tudy of mammalian populations, Oli and Dobson (2003) found
hat relative magnitudes of elasticities did not substantially
hange when effects of body mass and taxonomy were sta-
istically removed. These results suggest that body mass and
1 9 8 ( 2 0 0 6 ) 23–39 37

taxonomy may influence the pattern of relative importance
differently in different taxa.

Elasticities are frequently used for devising strategies for
conservation and management of wildlife populations (Crouse
et al., 1987; Crowder et al., 1994; Shea and Kelly, 1998; Benton
and Grant, 1999; Caswell, 2000; Gerber and Heppell, 2004;
Federico and Canziani, 2005) and results of this study can be
useful for the conservation of avian populations. For exam-
ple, 19 of the 21 extant species of albatross are faced with
the possibility of extinction (Weimerskirch et al., 1997; Gale,
1998). Our results show that for the 12 populations of alba-
tross sampled, the population growth rate was most sensitive
to changes in survival (mean e(Pj) and e(Pa), 0.369 and 0.591,
respectively; sum of mean survival elasticities = 0.960). These
results suggest that the long-term persistence of these birds
can be improved by increasing survival rates, which can be
achieved by regulating long-line fishing. On the other hand,
in avian species that mature early and have high reproductive
rates (e.g. many passerine species), reproductive parameters
have the greatest influence on the population growth rate. An
endangered species known to mature early and reproduce at
a high rate would most likely benefit from efforts to increase
the fertility rate of the species, perhaps by the protection of
nesting sites.

Cole (1954) introduced one of the earliest forms of the par-
tial life-cycle model, and this model was later revised by others
including Lewontin (1965), and Caswell (2001). Recent work has
fully developed partial-life cycle models for post-breeding (Oli
and Zinner, 2001a; Oli, 2003a) and pre-breeding (Oli and Zinner,
2001b) censusing situations. These partial-life cycle models
are useful for situations in which age specific demographic
data are unavailable and/or when information regarding the
influence of age at first or last reproduction on population
dynamics is desired (Oli, 2003b). Our model is the first to apply
a simplified partial-life cycle model (Oli, 2003a) to a large, tax-
onomically diverse data set for avian species. Additionally,
this was the first study that used data from avian populations
to empirically test several predictions that have been made
regarding the pattern of the relative importance of life-history
variables to population growth rate.

Our analysis has shown that there is significant variation
in the pattern of relative importance for avian populations,
but that general predictions can be made based on the life-
history patterns. In general, populations that matured early
and had high reproductive rates were characterized by pop-
ulation growth rates most sensitive to changes in reproduc-
tive parameters. Populations which matured late and had low
reproductive rates were likely to be characterized by popula-
tion growth rates most sensitive to changes in survival param-
eters. These results support previous studies of birds (Sæther
and Bakke, 2000) and mammals (Heppell et al., 2000; Oli and
Dobson, 2003), and are most likely applicable to any age-
structured population. The theoretical work of several authors
has yielded several useful metrics for estimating the pattern
of relative importance, but many of these require data that are
often unavailable for species of conservation concern. Because

the m/˛ ratio requires minimal data and has strong predictive
power, we suggest that this ratio may be useful for formulat-
ing and implementing management strategies for species for
which minimal data are available.
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Generation time: a reliable metric to measure life-history
variation among mammalian populations. Am. Nat. 166,
119–123.

Gale, R., 1998. Albatross populations: status and threats. In:
Robertson, G., Gales, R. (Eds.), Albatross Biology and
Conservation. Surrey Beatty & Sons, Chipping Norton, pp.
20–45.

Gerber, L.R., Heppell, S.S., 2004. The use of demographic
sensitivity analysis in marine species conservation planning.
Biol. Conserv. 120, 121–128.

Green, R.F., Painter, P.R., 1975. Selection for fertility and
development time. Am. Nat. 109, 1–10.

Heppell, S., Caswell, H., Crowder, L.B., 2000. Life histories and
elasticity patterns: perturbation analysis for species with
minimal demographic data. Ecology 81, 654–665.

Holmes, R.T., Marra, P.P., Sherry, T.W., 1996. Habitat-specific
demography of breeding black-throated blue warblers
(Dendroica caerulescens): implications for population dynamics.
J. Anim. Ecol. 65, 183–195.

Lewontin, R.C., 1965. Selection for colonizing ability. In: Baker,
H.G., Stebbins, G.L. (Eds.), The Genetics of Colonizing Species.
Academic Press, New York, pp. 79–94.

MacArthur, R.H., Wilson, E.O., 1967. The Theory of Island
Biogeography. Princeton University Press, Princeton, NJ.

May, R.M., Robinson, S.K., 1985. Population dynamics of avian
brood parasitism. Am. Nat. 126, 475–494.

Meats, A., 1971. The relative importance to population increase of
fluctuations in mortality, fecundity, and the time variables of
the reproductive schedule. Oecologia (Berlin) 6, 223–237.

Miles, D.B., Dunham, A.E., 1992. Comparative analyses of
phylogenetic effects in the life-history patterns of iguanid
reptiles. Am. Nat. 139, 848–869.

Mills, L.S., Doak, D.F., Wisdom, M.J., 1999. Reliability of
conservation actions based on elasticity analysis of matrix
models. Conserv. Biol. 13, 815–829.

Oli, M.K., 2003a. Partial life-cycle analysis: a simplified model for
post-breeding census data. Ecol. Model. 168, 101–108.

Oli, M.K., 2003b. Partial life-cycle models: how good are they?
Ecol. Model. 169, 313–325.

Oli, M.K., 2004. The fast-slow continuum and mammalian
life-history patterns: an empirical evaluation. Basic Appl. Ecol.
5, 449–463.

Oli, M.K., Zinner, B., 2001a. Partial life cycle analysis: a model for
birth-pulse populations. Ecology 82, 1180–1190.

Oli, M.K., Zinner, B., 2001b. Partial life cycle analysis: a model for
pre-breeding census data. Oikos 93, 376–387.

Oli, M.K., Dobson, F.S., 2003. The relative importance of
life-history variables to population growth rate in mammals:
Cole’s prediction revisited. Am. Nat. 161, 422–440.

Oli, M.K., Armitage, K.B., 2004. Yellow-bellied marmot population
dynamics: demographic mechanisms of growth and decline.
Ecology 85, 2446–2455.

Oli, M.K., Dobson, F.S., 2005. Generation time, elasticity patterns,
and mammalian life histories: a reply to Gaillard et al. Am.
Nat. 166, 124–128.

Oli, M.K., Hepp, G.R., Kennamer, R.A., 2002. Fitness consequences
of delayed maturity in female wood ducks. Evol. Ecol. Res. 4,
563–576.

Sæther, B.-E., Bakke, Ø., 2000. Avian life history variation and

contribution of demographic traits to the population growth
rate. Ecology 81, 642–653.

Shea, K., Kelly, D., 1998. Estimating biocontrol agent impact with
matrix models: Carduus nutans in New Zealand. Ecol. Appl. 8,
824–832.

http://dx.doi.org/10.1016/j.ecolmodel.2006.04.001


n g

S

S

S

S

S

V

Western, D., 1983. Production, reproduction, and size in
mammals. Oecologia (Berlin) 59, 269–271.
e c o l o g i c a l m o d e l l i

ibley, C.G., Ahlquist, J., 1990. Phylogeny and Classification of
Birds. Yale University Press, New Haven, CT.

nell, T.W., 1978. Fecundity, development time, and population
growth rate. Oecologia (Berlin) 32, 119–125.

tearns, S.C., 1983. The influence of size and phylogeny on
patterns of covariation among life history traits in mammals.
Oikos 41, 173–187.

tearns, S.C., 1984. The effects of size and phylogeny on patterns
of covariation in the life history traits of lizards and snakes.

Am. Nat. 123, 56–72.

tearns, S.C., 1992. The Evolution of Life Histories. Oxford
University Press, Oxford.

an Tienderen, P.H., 2000. Elasticities and the link between
demographic and evolutionary dynamics. Ecology 81, 666–679.
1 9 8 ( 2 0 0 6 ) 23–39 39

Weimerskirch, H., Brothers, N., Jouventin, P., 1997. Population
dynamics of wandering albatross Diomedea exulans and
Amsterdam albatross D. amsterdamensis in the Indian Ocean
and their relationships with long-line fisheries: conservation
implications. Biol. Conserv. 79, 257–270.

Western, D., 1979. Size, life history, and ecology in mammals.
Afric. J. Ecol. 17, 185–204.
Western, D., Ssemakula, J., 1982. Life history patterns in birds and
mammals and their evolutionary interpretation. Oecologia
(Berlin) 54, 281–290.


	Relative importance of avian life-history variables to population growth rate
	Introduction
	Methods
	Quantifying the relative importance
	Effects of hierarchical taxonomy and body mass
	Testing theoretical predictions and evaluating proposed metrics of relative importance

	Results
	Discussion
	Acknowledgements
	Supplementary data
	References


