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Abstract. Conservation practitioners use demographic population viability analysis
(PVA) to understand long-term effects of changing demographic rates on population growth
rate. Sensitivities and elasticities of stage-specific survival and fertility rates provide managers
with guidelines on the relative contributions of various life-history stages to long-term
population growth. However, short-term patterns, especially single-year effects, of elasticity
may be dramatically different from long-term effects, calling for caution in implementing
management policies focusing entirely on only long- or short-term elasticities. Here we
illustrate the temporal and spatial variation in elasticity patterns for four populations of
California sea lions. Short-term stochastic elasticities were significantly different from long-
term elasticities, and spatial patterns of short- and long-term elasticities varied across sites.
These differences may be explained by transient effects in age structure and deviations from
the stable age distribution, as well as environmental variation. Our results suggest that
conservation practitioners should consider calculations of both short-and long-term elasticity
in viability analyses that are used to guide management and should use caution in generalizing
elasticity patterns across populations.
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INTRODUCTION

A major component of population viability analysis

(PVA) is the analysis of stage-specific population models

to quantify the relative contributions of vital rates

(fertility, survival, and so on) to population growth rate

(Morris and Doak 2002). In the absence of temporal

variation, this can be done by calculating elasticities of

the deterministic population growth rate given by the

dominant eigenvalue of the population projection

matrix (Caswell 2001). Recent studies (Boyce et al.

2006, Morris et al. 2008) have documented the long-term

effects of environmental variation on stage-specific vital

rates and the consequences for population viability in a

variety of plant and animal species. In varying

environments, elasticities of long-term stochastic growth

rate (Tuljapurkar et al. 2003) determine the response of

population growth to changes in vital rates. While

demographic PVA helps in devising long-term manage-

ment policies by quantifying the response of long-term

population growth rate to changes in vital rates, they fail

to address the effects of short-term changes in vital rates,

including transient effects, on annual population growth

rates. Recent work (Fox and Gurevitch 2000, Koons et

al. 2005, Caswell 2007, Haridas and Tuljapurkar 2007)

shows that transient effects can produce population

responses that are very different than those predicted by

long-term measures. Temporal variation can further

enhance the divergence between long and short-term

elasticities.

Comparison of elasticities across sites has important

conservation implications given that demographic data

for many endangered species may be limited to a single

site but management decisions must to be made for

multiple populations. Furthermore, most viability

analyses do not distinguish between long- and short-

term effects in analyzing spatial patterns of elasticity,

which may lead to erroneous conservation decisions.

Morris and Doak (2005), in a comparative study of

long-term elasticities for a population of a long-lived

perennial plant moss campion (Silene acaulis L.

[Caryophyllaceae]) sampled at five adjacent sites found

that no single age-specific vital rate was most elastic

across sites but mean survival rates combined for all

ages had the highest elasticity. In this paper, we examine

this issue more broadly for a long-lived vertebrate,

California sea lions (Zalophus californianus california-

nus) by comparing short and long-term elasticities across

four sites in the Gulf of California.

In particular, we address two issues in this paper: first,

how do short-term elasticities for a population compare

with long-term elasticities in a varying environment? We

are especially interested in single-year effects wherein

one examines change in annual population growth rate

resulting from a change in a vital rate in a single year.

Second, how do elasticities, both long-term and short-

term, vary across populations of the same species? We

calculate two stochastic elasticities, elasticity with
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respect to the mean of a vital rate and elasticity with

respect to its variance (Tuljapurkar et al. 2003, Morris

and Doak 2005), for four populations (Granito, Los

Cantiles, San Pedro Martir, and Los Islotes; see Fig. 1)

of California sea lions in the Gulf of California (GoC),

Mexico. These populations have shown distinct demo-

graphic dynamics in terms of population growth, long-

term extinction risks and age-specific demographic rates

(Gonzalez-Suarez et al. 2006, Wielgus et al. 2008).

Among the four populations, Los Islotes is increasing in

abundance while Granito is declining and the remaining

two seem to be nearly stable (Wielgus et al. 2008). There

are limited data on movement among these populations

and such data are generally difficult to obtain (Baguette

et al. 2000).

Entanglement in fishing gear represents a significant

threat to sea lion populations in the Gulf of California

(Zavala-González and Mellink 1997, Aurioles-Gamboa

et al. 2003, Underwood et al. 2008). Changes in climate,

disease and poisoning are among other threats to sea

lions in the Gulf (Heath 2002). Over the past three

decades, the abundance of sea lions in the Gulf has

declined by 20% (Szteren et al. 2006).

We compare variance elasticity across populations,

which provide insight on how different populations

might respond to increase in variance in demographic

rates due to future climatic changes. We also analyze

short-term effects of changing vital rates on annual

growth rates by calculating short-term components of

asymptotic elasticities. For each population we compare

short and long-term elasticities and compare them

across populations to see how they generalize. We

conclude with a discussion of how our results may be

used to strengthen the application of demographic

population viability analysis in conservation decision

making.

DATA AND METHODS

We analyze demographic data collected between 1984

and 1998 for California sea lions from four islands

(Granito, Los Cantiles, San Pedro Martir, and Los

Islotes) in the GoC (Fig. 1). Population counts for each

year are classified (Wielgus et al. 2008) as pups (0–1 yr),

juveniles (1–4 yr), and adult females (.4 yr). A life-cycle

diagram (Fig. 2) showing the three stages and annual

transition between them helps in construction of the

population model.

A 3 3 1 population vector denoting counts in year t is

given by P(t) and A denotes the projection matrix

consisting of demographic rates (Fig. 2), explicitly given by

A ¼
0 0 F

Gp Sj 0

0 Gj Sa

0
@

1
A:

Here F is the fertility rate per adult female, Gp is the

fraction of pups that grow to juveniles in one year, Sj is the

fraction of juveniles surviving and remaining in the

juvenile stage (hereafter called juvenile stasis), Gj is the

fraction of juveniles that grow to adults, and Sa is the adult

survival rate. The parameters are estimated using qua-

dratic programming (Wood 1997, Wielgus et al. 2008). To

incorporate temporal variation we assume that survival

rates Gp, Sj, and Gj are time-dependent random variables

with a beta distribution, B(a, b) with parameters a and b.

These rates show more variation compared to F and Sa

(Wielgus et al. 2008). Parameters of the beta distribution

are determined by fixing their means as obtained from

quadratic programming described above and by fixing the

standard deviation at the observed level, reported in

FIG. 1. Map of the Gulf of California, Mexico, highlighting
the four islands where demographic data for sea lions were
collected: (1) Granito, (2) Los Cantiles, (3) San Pedro Martir,
and (4) Los Islotes.

FIG. 2. Life cycle diagram for the life history of California
sea lions used in the matrix model. The three life stages are pups
(0–1 yr), juveniles (1–4 yr), and adult females (.4 yr) as
classified in Wielgus et al. (2008). Arrows represent annual
transition rates between the stages: fertility rate, F; pup
survival, Gp; juvenile survival (and stasis), Sj; juvenile survival,
Gj; and adult survival, Sa.
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Wielgus et al. (2008). Distributions for survival for most

populations are difficult to obtain due to lack of data.

Choice of the beta distribution to model environmental

variation has advantages since it can exhibit different

shapes and is bounded between 0 and 1 (Morris andDoak

2002). The population model then can be written as

PðtÞ ¼ AðtÞPðt � 1Þ ð1Þ

where A(t) is now given by

AðtÞ ¼
0 0 F

GpðtÞ SjðtÞ 0

0 GjðtÞ Sa

0
@

1
A:

Growth rates and elasticities

We iterated the model (given by Eq. 1) 100 000 times

and computed annual growth rates (kt) as ratios of total

sizes in adjacent years and the long-run stochastic

growth kS (Caswell 2001) as

log kS ¼ ð1=TÞ
XT

t¼1

log kt: ð2Þ

We calculated two stochastic elasticities of kS, one with

respect to the mean of a vital rate (El) and the other

with respect to its variance (Er) using the method given

in Tuljapurkar et al. (2003). Elasticity with respect to the

mean of a rate (denoted by El) is the proportional

change in kS for a small proportional increase in the

mean of that rate without changing its variance.

Similarly elasticity with respect to the variance of a rate

(denoted by Er) is the proportional change in kS for a

small proportional increase in the variance of that rate

without changing its mean. We note here that, for a rate

with no variation, Er¼ 0. We focus on El and Er since

they unambiguously represent the effects of changing

means and variances on vital rates (Haridas and

Tuljapurkar 2005). The net effect of variability on all

stages of a population is given by the summary elasticity

Tr
, which is the sum of variance elasticities (Er) for all

rates. Similarly the sum of mean elasticities (El) for all

rates is given by Tl and there is a constraint between Tr

and Tl given by Tlþ Tr ¼ 1, which provides a tool to

classify populations according to their response to

environmental variation. In general, it has been ob-

served (Pfister 1998, Morris et al. 2008) that, for long-

lived species vital rates with more variation have less

influence on population growth rate. Similarly short

lived species are more prone to increases in temporal

variation increasing their chances of extinction.

While the above elasticities describe the response of

asymptotic long-term growth rate to changes in mean or

variance of a vital rate, they may not be good indicators

of short-term effects of changing vital rates on

population growth rate (Gurevitch and Fox 2000,

Caswell 2007, Haridas and Tuljapurkar 2007). The

main reason for this is that a population is always likely

to be away from the stable age distribution (SAD) and it

is especially possible that populations that face risk of

extinction are not at their stable age distributions. Short-

term elasticities describe the effects of changing a vital

rate (or its mean/variance) on the population growth

rate, assuming that the age-structure is fixed at the

observed value in the beginning of the year (Coulson et

al. 2004, Haridas and Tuljapurkar 2007). This measure

is essentially a single-year effect and ignores effects due

to changes in age structure, which happen in the long

run, and could be different from the asymptotic

elasticity depending upon the species life history. In

deterministic environments, it was shown (Haridas and

Tuljapurkar 2007) that long-term elasticity eij (of a vital

rate denoted by matrix element (i, j )) can be decom-

posed into two components e1
ij and e2

ij, where e1
ij denotes

the short-term single-year component due to changes in

vital rates alone and e2
ij denotes the long-term compo-

nent due to changing age-structure. A similar decom-

position holds in varying environments for stochastic

elasticities (see Appendix for details) and in this paper

we focus on the calculation of the component e1
ij in a

stochastic environment for El and Er and compare that

with long-term elasticities of kS.

RESULTS

Stochastic growth rate (kS) and mean (El)

and variance (Er) elasticities

The stochastic growth rate kS is highest for Los Islotes
and is lowest for Granito (Table 1). Using the constraint

on summary elasticities Tl and Tr given by TlþTr¼1,

we find that among the four populations, Granito is

most responsive to temporal variation whereas Los

Islotes is least affected by variation (Table 1). We also

found that the stochastic growth rates kS decrease as the
magnitude of Tr increase. Long-term mean elasticities

El for all vital rates are positive because an increase in

the means of these rates leads to an increase in the

population growth rate. Among all vital rates, the mean

elasticity El is largest for adult survival (Sa) for all

populations (triangles in Fig. 3). Variance elasticities Er

are negative for all vital rates, indicating that increasing

variation in these rates reduces long-term growth rate.

Variance elasticity is the highest for juvenile survival Gj

for all populations, but note that in general these effects

are small in magnitude for all rates (triangles in Fig. 4).

TABLE 1. Stochastic growth rate and total mean and variance
elasticities for four populations of California sea lions
(Zalophus californianus) in the Gulf of California.

Island
Stochastic

growth rate ks

Total mean
elasticity Tl

Total variance
elasticity Tr

LI 1.05 1.0042 �0.0042
LC 0.955 1.0114 �0.0114
GR 0.902 1.0231 �0.0231
SM 0.964 1.0088 �0.0088

Note: LI stands for Los Islotes, LC for Los Cantiles, GR for
Granito, and SM for San Pedro Martir.
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Comparing short- and long-term elasticities

Short-term elasticity predicts the immediate change in

annual growth rate when a vital rate (or its mean/

variance) is changed without accounting for a corre-

sponding change in age structure. We calculated short-

term elasticities corresponding to changes in means of

vital rates and compared that with long-term El values

(Fig. 3). For all rates, short-term elasticities (denoted by

stars) are different from their long-term effects (denoted

by triangles). For fertility F, pup survival Gp, and

juvenile stasis Sj, short-term elasticities are always larger

than long-term mean elasticities whereas for juvenile

survival Gj and adult survival Sa the pattern is reversed.

While adult survival Sa has the largest long-term El

elasticity (among all vital rates) for all populations

(about 43% in Granito to 76% in Los Cantiles), it should

be noted that short term elasticities for Sa are much

smaller (about 31% in Granito to 55% in Los Islotes).

For the fertility rate F, long-term El elasticities range

from 7% (Los Cantiles) to 16% (Granito), whereas

corresponding short-term elasticities are above 25% for

all populations (Fig. 3a). Examining ratios of long- and

short-term El elasticities reveal the wide range of

variation between populations (Fig. 3f ). For instance,

short-term elasticity of fertility F is about five times

larger than corresponding long-term effect in Los

Cantiles whereas in Granito short-term effect is only

about 1.5 times that of long-term effect.

The general pattern emerging from above analysis

shows that short term effects are more pronounced for

vital rates corresponding to younger ages, including

fertility, while long-term affects are higher for vital rates

of older ages. Although variance effects are small in

magnitude there are differences in short and longer-term

effects. For pup survival Gp and juvenile stasis Sj, short-

term variance elasticities are larger in magnitude while

for juvenile survival Gj long-term effects are more

pronounced than short-term effects (Fig. 4).

DISCUSSION

Demographic PVA models typically include estimates

of long-term population growth rate and their determi-

FIG. 3. Long-term El elasticities (triangles) and their short-term components (crosses) for (a) fertility rate, F; (b) pup survival,
Gp; (c) juvenile stasis, Sj; (d) juvenile survival, Gj; and (e) adult survival, Sa. (f ) Ratio of short-term over long-term elasticities of
vital rates; the dashed line at 1 indicates when short- and long-term elasticities are equal in magnitude. Island names are as in Fig. 1.
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nants in terms of sensitivities and elasticities (Morris and
Doak 2002). In light of the impacts of transient and

stochastic fluctuations, which may cause a population to

deviate from its stable age distribution for long time

periods, recent work (Fox and Gurevitch 2000, Koons et

al. 2005, Caswell 2007, Haridas and Tuljapurkar 2007)

has examined the importance of considering short-term
effects. It is reasonable to assume that all populations

and especially those facing risks of extinction often have

skewed age-structures and respond differently to chang-

ing vital rates than when near their equilibrium age-

structures. Vital rates that are important in the long-

term may deviate from short term patterns, necessitating
a closer analysis of both short- and long term measures

of management. In this paper, we show that short- and

long-term stochastic elasticities exhibit different patterns

across four populations of California sea lions. While

adult survival is generally the most elastic vital rate

(Wielgus et al. 2008), we show that this may not be the
case for shorter time periods, especially in single years.

In fact, all rates exhibit considerable differences in short-

and long-term elasticities, highlighting the importance of

exercising caution in generalizing these effects across

populations. For long-lived species like California sea
lions, adult survival has been known to be more elastic

than fertility (Pfister 1998, Gaillard et al 2000, Morris

and Doak 2004), but this will depend upon initial age-

structure and stochastic fluctuations. Our results show

that fertility rate has considerable single-year effect on

population growth suggesting that management efforts

should also focus on factors contributing to increased
fertility. An improved understanding of mating behavior

and demographic information pertaining to both sexes

may help in devising helpful management strategies.

We note that in our model all individuals older than

four years are included in the adult group (Wielgus et al.

2008), so the fraction of adults dominates the age

distribution resulting in higher elasticity for adult
survival. Ignoring management implications of the high

short-term elasticity of fertility will skew age structure

by reducing fraction of pups for longer time periods and

will eventually result in the decline of long-term

population growth rate.

We also show that in general, vital rates correspond-
ing to younger ages, like pup survival as well as fertility,

exhibit more short-term effects than rates corresponding

to older ages like adult survival. This pattern, which

holds across populations, will be especially pronounced

for populations consisting of fewer younger individuals
(than compared to the stable age distribution) that

reduces the supply of individuals to adult reproductive

age groups. This pattern also seems to be a general

feature of all long-lived species where fertility and young

survival will enhance population growth in years when
the population is away from SAD while adult survival

becomes prominent as the population grows to demo-

graphic stability.

We suggest that managers who employ demographic

PVA methods consider calculations for both short and

long-term elasticities before making policy decisions.

FIG. 4. Long-term Er elasticities (triangles) and their short-term components (crosses) for (a) pup survival, Gp; (b) juvenile
stasis, Sj; and (c) juvenile survival, Gj.
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Long-term measures assume that a population has

reached its equilibrium but that may not be true in

many cases. Short-term effects can be revealed by
analyzing single-year effects, by calculating annual

growth rates and their elasticities. Such analyses use

only observed annual data, computations are straight-
forward and we have provided necessary MATLAB

codes in the online Appendix. Short term effects will be

particularly apparent when demographic damping is

slow and environmental disturbance skew age structure
towards particular age groups. In the case of sea lions

studied here, short-term policies should focus on

strategies enhancing pup survival and fertility in all
populations until populations reach demographic sta-

bility after which long-term policies may focus on adult

survival.
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nia, México. Pages 369–384 in A. W. Trites, S. K. Atkinson,
P. DeMaster, L. W. Fritz, T. S. Gelatt, L. D. Rea, and K. M.
Wynne, editors. Sea lions of the world. Sea Grant College
Program, Anchorage, Alaska, USA.

Tuljapurkar, S., C. C. Horvitz, and J. B. Pascarella. 2003. The
many growth rates and elasticities of populations in random
environments. American Naturalist 162:489–502.

Underwood, J. G., C. J. Hernandez-Camacho, D. Aurioles-
Gamboa, and L. R. Gerber. 2008. Estimating sustainable
bycatch rates for California sea lion populations in the Gulf
of California. Conservation Biology 22:701–710.

Wielgus, J., M. Gonzalez-Suarez, D. Aurioles-Gamboa, and
L. R. Gerber. 2008. A noninvasive demographic assessment
of sea lions based on stage-specific abundances. Ecological
Applications 18:1287–1296.

Wood, S. N. 1997. Inverse problems and structured-population
dynamics. Pages 555–586 in S. Tuljapurkar and H. Caswell,
editors. Structured-population models in marine, terrestrial
and freshwater systems. Chapman and Hall, New York, New
York, USA.
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