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Summary

1. While most demographic population models used in conservation rely on female vital
rates, recent empirical evidence suggests that male dynamics should be included in population
models used for assessing extinction risk.

2. Using California sea lions Zalophus californianus as an applied example, we demonstrate
that there are situations in which two-sex models are more appropriate than the commonly
used female-based model.

3. Two-sex models are relevant in cases where vital rates for sexes differ and for polygamous
species such as sea lions. Vital rates targeted for management may therefore respond differ-
ently for males and females and for different assumptions about sex ratio.

4. Synthesis and applications. Conservation biologists should carefully consider the social
structure and sex ratio of focal species in order to determine whether a two-sex matrix model

will yield more accurate estimates of extinction risk than standard one-sex models.
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Introduction

Population viability analysis (PVA) represents one of the
most important developments in the field of conservation
biology (Morris & Doak 2002). Most demographic popu-
lation models make the simplifying assumption that popu-
lations can be represented based on female vital rates and
male dynamics need not be included in these models
(Caswell 2001). As a result, sex-specific vital rates are
rarely incorporated into PVA (but see Ray, Gilpin &
Smith 1991; Anthony & Blumstein 2000; Gerber 2006) or
are included in complex individual-based models that
require detailed behavioural information (e.g. Sutherland
& Norris 2002; Le Galliard et al. 2005). At the same time,
the behavioural ecology literature has begun to consider
the role of mating systems in population dynamics (e.g.
Le Galliard et al. 2005), but this work is generally not
applied to conservation and management. Integration of
insights from behavioural ecology with demographic pop-
ulation models may improve our ability to estimate risk
of extinction. In this paper, we examine the importance of
including both males and females in matrix population
models to improve our understanding of extinction risk,
using California sea lions as a case study.
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For female-biased sex ratios, male limitation can occur
when males are unable to access all females in breeding
colonies, leading to a reduction in male fertility. Con-
versely, a male-biased sex ratio will reduce male fertility
because there are fewer females and aggression increases
at high male density. In cases of extreme bias in sex ratio
and small population size, the number of males in a popu-
lation generally increases female reproductive success. For
example, dramatic declines in the abundance of the
harem-building ungulate Saiga tatarica tatarica occurred
due to an extremely low proportion of males in the popu-
lation (Milner-Gulland ez al. 2003). Here, the low relative
abundance of males in the population led to reproductive
collapse because dominant females prevented young
females from breeding with rare males. Similarly, Le
Galliard et al. (2005) found in common lizards Lacerta
vivipara that an excess of adult males begets aggression
towards adult females, leading to a decline in survival,
fecundity and emigration. This suggests that extinction
risk may be significantly influenced by both male and
female population dynamics.

Male and female mortality appear to exhibit different
dynamics for a wide range of taxa. In humans and many
other mammals, mortality rates are higher for males,
whereas in many birds female mortality is higher (Promi-
slow 1991; Austad 2011). Mortality patterns also depend
on age structure. In the Mediterranean fruit fly Ceratitis
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capitata, female mortality is higher than male mortality in
early ages, while this pattern reverses for older ages
(Carey, Liedo & Vaupel 1995). Adult sex ratio and mating
system produce variation in male and female reproductive
success as in the case of red deer (Clutton-Brock,
Guinness & Albon 1982). Sex-specific differences in life
span, age at maturity and other demographic parameters
have also been documented in many species of animals
and plants (Meagher & Antonovics 1982; Delph 1999;
Eppley 2001; Rankin & Kokko 2007; Barrett & Hough
2013). For instance, Bell (1980) found that males are
about 40% older than females at maturity in many
mammals and birds. Thus, male and female dynamics
may differ, and a proper understanding of such popula-
tion dynamics may necessitate the inclusion of both sexes
in population models. Indeed, sexual dimorphism in vital
rates may produce distinctly different dynamics from
those predicted by one-sex models.

When vital rates are density-independent,
matrix models are well understood. With data on age-
specific survival and fertility rates, a one-sex matrix model
is thought to accurately describe population dynamics.

one-sex

Here, population growth is exponential and the popula-
tion approaches a stable age structure, such that the dom-
inant eigenvalue (A) of the matrix describes population
growth. Measures that are useful in conservation and
management include estimates of population growth, as
well as short- and long-term sensitivities of population
growth rate (Caswell 2001; Morris & Doak 2002). This is
well developed for density-independent models (Caswell
2001), but little attention has been given to understanding
such metrics in two-sex models (except see Shelton 2010
for a sensitivity analysis using a two-sex matrix model for
two seagrass species to examine female-biased sex ratios).
Two-sex models have been used for several species since
the late 1990s; however, none compare one-sex with two-
sex models, and none derive sensitivities for frequency-
dependent models. The widely used software RAMAS
(Applied Biomathematics, Setauket, NY, USA, 2007) has
a module for including sex structure. One can choose
options to model only females or males, and the model
allows the user to select the mating system from monoga-
mous, polygynous and polyandrous. There are several
applications of this model in the published literature (e.g.
Akcakaya et al. 2004a,b, 2005; Harveson et al. 2004; Bret-
agnolle & Inchausti 2005; Wintle et al. 2005; Hamel et al.
2006; Beaudry, deMaynandier & Hunter 2008; Guichén &
Doncaster 2008; Robinson ez al. 2008).

In conservation, we seek to develop the simplest model
possible that allows for accurate assessments of popula-
tion viability. Simple models that do not require extensive
parameterization are practical for conservation practitio-
ners (Ludwig & Walters 1985; Beissinger & Westphal
1998). At the same time, the development of matrix mod-
els that include the dynamics of both sexes could enhance
the use of existing behavioural data in conservation biol-
ogy (Rankin & Kokko 2007). In this paper, we evaluate
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the effects of ignoring males when estimating risk of
extinction, using California sea lions as a case study. The
Gulf of California (GoC) population of California sea
lions include 13 island breeding colonies, each exhibiting
distinct population trends. Our analyses rely on data col-
lected at Los Islotes island, which is a small but increasing
population of sea lions. Gulf of California sea lions are
considered to be a population of conservation concern by
the Mexican government (Szteren, Aurioles & Gerber
2006; Ward et al. 2009).

Materials and methods

ONE-SEX AND TWO-SEX MODELS FOR CALIFORNIA SEA
LIONS

To compare one- and two-sex matrix population models, we
consider four simple scenarios: one model includes vital rates for
females only, and three models include vital rates for both males
and females, but differ in how their fertility functions are mod-
elled.

A female-based model for California sea lions (Wielgus ez al.
2008) can be described by the equation,

n(r+1) = An(z) eqn 1

where 7 is a time step of 1 year and the matrix A is given by

0 0 F
A=|Gp S 0
0 Gji Sa

The life stages are classified as pups (0-1 years), juveniles
(1-4 years) and adult females (>4 years). Here, F is the fertility
rate per adult female (number of offspring per female that survive
through their first year), G, is the fraction of pups that survive
their first year, S; is the fraction of juveniles surviving and
remaining in the juvenile stage, G; is the fraction of juveniles that
grow to adults and survive, and S, is the adult survival rate
(Wielgus et al. 2008).

A two-sex model in which fecundity depends upon male and
female abundances (Caswell & Weeks 1986; Lindstrom & Kokko
1998) is developed for California sea lions,

eqn 2

0 0 me 0 0 pF/’ Py,

Gpm Sjm 0 0 0 0 I

_ 0 Gjm Sap 0 0 0 Am
MED=1 0 0 (e pE 0 0 (1-pE || B |0 can?

0 0 0 GpuSjy O 7

where P, J and A4 represent population size, at time ¢, for pups,
juveniles and adults, respectively, and the subscripts m and f rep-
resent male and female classes. Female and male per capita fertil-
ities are given by Fy and £, respectively, and p is the primary
sex ratio (fraction of males at birth). The parameters Gp, Sj and
S, are now specified for males and females, denoted by subscripts
m and f, respectively. Thus, in addition to a standard female-only
matrix model, we consider three two-sex models reflecting alter-
native fertility functions.

We first assume that fertility is a scalar value as in the one-sex
model. When other parameters are equal, this model reduces to
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the one-sex version (Equation 2). We then test two models where
fertility is affected by both male and female abundance, using a
harmonic fertility function (HFF) or a modified version (MHFF).
These functions have been shown to be effective for two-sex
matrix models (Legendre 2004; Miller & Inouye 2011). The HFF
is described by Caswell (2001) as,

K x N,

= eqn 4
I N + (Ni /1) d

where N, is the number of adult males, N, is the number of adult
females, £ is the harem size, and K is the number of offspring per
adult female, with a similar expression for male fertility. The
modified HFF represents an extension of the HFF and assumes
that the maximum number of pups a male—female pair can pro-
duce is one; thus, a particular female can only contribute half of
a pup. Males are known to mate with groups of females (Flatz
et al. 2012); thus, an individual male can actually produce more
than half of a pup. Specifically, a male’s reproductive output is
limited by the number of females that can reproduce in a given
year (0-5N)),

. Kx N, )
Fr=min( 0.5, ———F—— eqn 5
. O.SN; K x Nf' >
F,, = min — eqn 6
" < Ny, Nm+(Nf/h) 1

The HFF and the MHFF are frequency-dependent (Caswell
2008). When /1 = 1, births are maximized when males and females
are equally abundant. If # > 1, births are maximized when female
abundance exceeds male abundance. In the general case of HFFs,
increasing s makes the model much more dependent on female
abundance (Caswell 2001); however, this is not always the case
when considering the MHFF.

We parameterize our models with values calculated in past
studies that utilized the 1978-2008 California Sea lion data set at
Los Islotes in the Gulf of California (Table 1; Wielgus et al.
2008). We then initiate our simulations at the 1978 abundance
level and run the model for thirty years. Although quadratic pro-
gramming techniques indicate an adult survival rate of 0-950 at
our study site (Wielgus ez al. 2008), we also consider more gen-
eral cases when adult survival rate varies.

EQUILIBRIUM AGE STRUCTURE AND POPULATION
GROWTH RATE (%)

Equilibrium age structure describes the age distribution of organ-
isms when the population is at a stable age distribution (SAD).

To illustrate the extent to which changes in vital rates may affect
SAD in two-sex models, we examined the age distribution for
California sea lions for a range of sex-specific survival rates.
Here, when survival rates for males and females are equal, the
equilibrium age structure includes an equal number for each sex
(Fig. 1). Note that here we are examining the two-sex model with
the modified HFF. A population at a SAD grows at a constant
annual rate, described by the discrete rate of annual increase (A).
Although our two-sex model is frequency-dependent, it has a
SAD and grows exponentially determined by the largest eigen-
value (L) of the equilibrium projection matrix (Table 2). We also
examined the sensitivity of A by running our two-sex model with
different combinations of male and female survival rates ranging
from 0-1 to 1 (Fig. 3). Specifically, we held either male or female
survival rate constant at 0-95 and varied the other sex’s survival
rate to determine the effect on L. We also examined the effect of
varying both sex’s survival rate at the same time (Fig. 3).

ELASTICITY ANALYSIS

Elasticity analysis is an important tool in demographic PVA,
allowing the identification of the life stages that contribute most
to population growth so that management can focus on these
stages (Caswell 2001). A linear analysis of elasticities is easily
done using standard approaches in demography (Caswell 2001),
whereas elasticity analysis in two-sex models has only recently
been applied to conservation (Caswell 2008). We compare sur-
vival and fertility elasticities between the one- and two-sex models
(Table 2). We calculated elasticities by producing elasticity matri-
ces for each of our four models’ transition matrices (see Caswell
2001). To evaluate the extent to which mating system affects
population response to vital rates, we also evaluate the effect of
various levels of polygyny on population growth rate by manipu-
lating the harem size (h) (Fig. 2).

ESTIMATES OF EXTINCTION RISK

For threatened species, estimates of extinction risk provide
important information for devising strategies for conservation
and management. To compare extinction risk estimates for one-
and two-sex models, we use a stochastic analogue of the models
in Equations (2) and (3). We assume that all of our growth and
survival parameters can be estimated as beta variables (Chirakkal
& Gerber 2010). The beta distribution is an appropriate represen-
tation of environmental variation because the distribution can
exhibit different shapes and is bounded between 0 and 1 (Morris

Table 1. Parameter definitions and values used in all four models described. In the two-sex models, all parameters are assumed to be

equal for both sexes

Parameters Meaning Value Source
K Average litter size 0912 Wielgus et al. (2008)
o Primary sex ratio 0-5 Herndndez-Camacho et al. (2008)
G, Fraction of pups that grow to juvenile stage class 0-437 Wielgus et al. (2008)
S; Fraction of surviving juveniles that remain in 0-147 Wielgus et al. (2008)
same stage class
G Fraction of juveniles that grow to adult stage class 0-478 Wielgus et al. (2008)
Sa Adult survival rate 0-950 Wielgus et al. (2008)
h Harem size per male 4.2 Young, Gonzalez-Suarez &

Gerber (2008); Gerber (2006)
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Fig. 1. Predicted age distribution [from
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model using the modified harmonic fertil-
ity function (HFF)] for California sea lions
at Los Islotes island in the Gulf of Califor-
nia, with primary sex ratio p = 0-5 and
average harem size /s =4-2. The initial
cohort contains about 50% females.
Survival rates for females (Sa,) and males
(Sa,,) are: (a) Sa,=Sa, =095 (b)

Percent of population

— adult males
------ adult females

Sa; =095, Sa, =085 (c) Say=0-85,
Sam = 095» and (d) Saf'= Sam = 0-85.

Table 2. Elasticities of fertility and survival parameters for males
and females in one-sex and two-sex models

EF ESn,” ES{IF A
One-sex 0-0792 NA 0-7495 1-050
Two-sex 0-0792 0-3738 0-3748 1-050
Two-sex (MHFF) 0-0836 0-3675 0-3675 1.058
Two-sex (HFF) 0-1045 0-3382 0-3321 1-098

The dominant eigenvalue (A) of the transition matrix describes
the discrete rate of population increase. MHFF is the two-sex
model when using the modified fertility function, whereas HFF
represents the standard harmonic fertility function (see Materials
and methods).

& Doak 2002). Parameters of the beta distribution (o, p) are
determined with method of moments estimators, which utilize the
sample mean, and variance of each parameter in our model (Bain
& Engelhardt 1991; Owen 2008). To calculate the appropriate
beta distribution (i.e. specific shape parameters o and ), we used
the mean and standard error for each parameter estimated by
Wielgus et al. (2008). Simulated estimates of abundance, with sto-
chastic growth and survival, are then used to estimate extinction
risks from each of our four models. We ran the stochastic ana-
logue of each model 1000 times and created distributions of the
end population size after 30 years (Fig. 4).

MODEL EVALUATION

We compare the results from stochastic analogues of our four
deterministic models (as described in the section Estimates of
Extinction Risk) to six measurements taken in the field (popula-
tion growth rate, end population size and stage distribution of
pups, juveniles, adult males and adult females, Table 3). In order
to accomplish this, we first calculated the population growth rate
for 1000 simulations for each model to estimate a distribution of
population growth rates. We use this distribution as a basis for
comparison to our independent empirical estimate of population
growth rate. We assess the model fit based upon when a field
measurement falls within the 95% (/. 1.965) confidence interval
of the corresponding measurement in a model simulation
(Table 3). A similar procedure was used to generate distributions

0
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Fig. 2. Population growth rate (A) as a function of harem size.
Both figures represent results for the modified harmonic fecundity
equation. The vertical line designates the harem size estimated
from field data. (a) Assumes a constant survival rate for adult
females at 0-9 where the five lines designate changes in adult male
survival rate from 09 to 0-5, top to bottom, respectively.
(b) Assumes a constant survival rate for adult males at 0-9 where
the five lines designate changes in adult female survival rate from
09 to 0-5. Note that the bottom three lines here overlap one
another.

of end population size (year 30 of a simulation) for our models
to compare to 2008 field data (30 years from the initial census in
1978). The stage distribution of each stage class was calculated as
the proportion of individuals in a given stage divided by the total
population size. We recorded the mean stage distribution for each
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Table 3. Comparison of simulation model results to empirical parameter estimates

Stage distribution

Juveniles Adult males Adult females

Pups

Growth rate (1)

End Pop. Size

Rank

0-323 (0-289-0-357)

0-243 (0-173-0-313)

0-138* (0-124-0-151)
0-125* (0-116-0-134)
0-124 (0-111-0-136)

0-296* (0-270-0-323)
0-263 (0-259-0-267)
0262 (0-256-0-268)

1-076 (1-047-1-104)
1053 (1-031-1-075)

1638* (341-2899)

1

Two-sex (MHFF)

Two-sex

0-366 (0-306-0-422)
0-614 (0-602-0-626)
0-289 (0-250-0-328)
0-431 (0-677)

0-246 (0-190-0-305)

888* (350-1429)
1281* (138-2424)

3889 (949-6875)

NA

0-218% (0-161-0-274)

0-161 (NA)

1.054 (1-023-1.086)
1-108 (1-080-1-137)

1.018 (1-019)

One-sex

0-153 (0-142-0-164)

0-132 (0-105)

0-341 (0-325-0-357)

0-276 (0-218)

Two-sex (HFF)
Actual population

430 (284)

census (for one-sex)

Mean values and (95% CI) are given for each measurement. Where field estimates fall within the 95% CI of simulation estimates is indicated by *. The last row provides estimates of each mea-

surement from census data with () denoting the measurement used for comparison to the one-sex model.

stage class over the 30-year time series of a particular simulation.
After 1000 simulations, a distribution for the proportion of indi-
viduals in each stage could be calculated. We evaluated model fit
for stage distributions with the same method used for population
growth rates and end population size. Table 3 shows the rank
order of models according to how many measurements, or
patterns, each model fits when compared to field data.

Results

EQUILIBRIUM AGE STRUCTURE AND POPULATION
GROWTH RATE (%)

Our analysis of the extent to which one- and two-sex
models differ with respect to equilibrium age structure
shows that when survival rates are equal, the equilibrium
age structure includes an equal number of females and
males (Fig. 1). Although our two-sex model is frequency-
dependent, it depicts a population at SAD and grows
exponentially according to the largest eigenvalue (A) of
the equilibrium projection matrix. This means that the
standard metric A is adequate for describing population
growth for such models. Our estimates of A are similar,
with the two-sex harmonic fecundity model producing the
highest growth rate followed by the modified harmonic
model (Table 2). The two-sex model with a scalar value
for fertility and the one-sex model generate the lowest
growth rates.

In examining the relevance of harem size and survival
rates on A (Fig. 2), we found that, to achieve positive popu-
lation growth, adult female survival rate must be high
regardless of harem size (Figs 2 & 3). To achieve positive
population growth with our modified harmonic fertility,

11t K
- m e mmmm A=
=" =" u'
1t - - e )
== ,‘.-“3\
< o9t N 1
2 .
© X4
£ o8} -~ 1
3 K2
e Ne
‘¢
o 0.7} 7 . 1
o veoene Adult female survival
\' .
N = = = Adult male survival
0-6f s . 1
P == Both sex’s survival
= .
e Census estimate
0-5¢ ‘ ‘ ‘ ‘ ]
0 0-2 0-4 0-6 0-8 1

Survival rate

Fig. 3. Population growth rate (L) for changes in survival rates
of adult males (male), adult females (female) or both. As we
allow one sex’s survival rate to vary, the other sex has a constant
survival rate of 0-95 (the best estimate of adult survival rate).
Note that where the three curves intersect, both adult male and
female survival rates are at the default value of 0-95. For refer-
ence, we show an independent estimate of A (solid horizontal
line), estimated from census data (1-0184).
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adult female survival rate had to be at least 0-9 with a male
survival rate of 0-5 (see Fig. 3). This is quite a bit different
than the two-sex model with scalar births (equivalent to
one-sex case when survival rates are equal). In the scalar
births case, either sex could have a survival rate of 0-05 as
long as the other sex had a survival rate of at least 0-95.
Alternatively, survival rates could be equal across sexes at a
value of 0-9 to insure positive population growth. These
results suggest that for polygynous species, assuming equal
survival rates for both sexes could be misleading.

ELASTICITIES

Patterns of elasticity vary only slightly for one- and two-sex
models (Table 2). Elasticities in the two-sex cases are equal
only when sex ratio is unity, which in our example occurs
when adult survival rates are the same for both sexes. In
the one-sex case (density-independent), a change in a vital
rate may change the SAD, but it does not change other
rates mediated by changes in SAD. In contrast, for two-sex
models, a change in a vital rate may lead to changes in
other vital rates (e.g. a change in survival leads to a change
in fertility because fertility depends on the SAD). When
male survival is higher than female survival, the two-sex
model predicts smaller elasticities for female survival than
the one-sex model. This is because female survival is
already high and increasing male survival produces a larger
change in growth rate than increasing female survival.
When female survival is higher than male survival, the two-
sex model predicts much higher elasticity for female sur-
vival than the one-sex model, reflecting the influence of
female survival on population growth rate.

EXTINCTION RISK

Our two-sex model with the non-modified fertility func-
tion predicted the lowest risk of extinction (Fig. 4). Both
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the one-sex and two-sex models (with scalar births)
predicted a higher estimate of extinction risk, while the
two-sex model with the modified fertility function fell in
the middle for extinction risk (Fig. 4).

MODEL EVALUATION

To evaluate the success of each of our models, we made six
measurements to compare to analogous census data:
growth rate, end population size and stage distribution of
pups, juveniles, adult males and adult females. The two-sex
model with the modified HFF performed the best (i.e.
matched the highest number of measurements, with a maxi-
mum value of six), followed by the two-sex model with sca-
lar births (Table 3). Both the one-sex and two-sex model
with the non-modified HFF performed the poorest when
compared to the field estimates of our six measurements.

Discussion

The vital rate estimates necessary to parameterize two-sex
models may be expensive and difficult to obtain in wild
populations, so it is important to identify when such addi-
tional estimates are cost-effective. We have demonstrated
that there are situations in which two-sex models are
more appropriate than the commonly used female-based
model. In particular, our results suggest that two-sex
models are relevant in cases where vital rates for sexes
differ (Figs 1 & 3) and in polygamous species such as sea
lions (Fig. 2). We recognize that for many imperilled
species, vital rates are not available and immediate man-
agement actions must be taken. In addition to tackling
such ‘small population crises’, we must also develop
approaches to ensure long-term persistence (Caughley
1994). Our sea lion case study is one step in this direction.

These results underscore the need for estimates of vital
rates for the complete life cycle for California sea lions.

200 200
(a) (b)
150 150
100 100
50 50
>
e 0 = 0
g 0 3000 6000 9000 12000 0 3000 6000 9000 12000
o
)
Fig. 4. Frequency distribution resulting C 200 200 (d)
from Monte Carlo simulations of popula-
tion size after 30 years. (a) Represents 150 150
results from the one-sex model (n = 1336,
o = 602); (b) represents results from the 100 100
two-sex model with births set at a scalar
value (n =899, o =283); (c) Represents 50 50
results from harmonic fecundity model
(1= 3966, o = 1543); (d) represents results 0 0
0 3000 6000 9000 12000 0 3000 6000 9000 12000

from modified harmonic fecundity model
(n=1677, o = 639).

End population size (# of individuals)

© 2013 The Authors. Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology, 51, 270-278



276 L. R. Gerber & E. R. White

Such demographic data will allow the development of
suitable models used to develop management recommen-
dations and ensure the population persistence. Conserva-
tion plans for California sea lions in Mexico currently
manage the entire Gulf as a unique demographic unit
(Szteren, Aurioles & Gerber 2006). Our results suggest
that a more detailed demographic structure should be
considered in developing management strategies. For
example, it will be important to identify sex-specific
response to disturbance to develop management practices
regarding marine mammal interactions with humans, such
as vessel speed reductions, prohibited areas (time and area
closures) and tourist operator licensing. These insights
may be used to develop general principles for the use of
two-sex models in assessing population viability. While
these principles emerge from our analysis of sea lion data,
we expect that our conclusions are broadly applicable to
other species with similar life histories.

TWO-SEX MODELS SHOULD BE DEVELOPED FOR
POPULATIONS FOR WHICH VITAL RATES VARY
BETWEEN MALES AND FEMALES

Mortality rates can differ between sexes as a result of
sexual selection, mating system or environmental varia-
tion. Many polygynous species (e.g. red deer, Clutton-
Brock, Guinness & Albon 1982; Owen-Smith 1993) show
sexual dimorphism in size, which results in males having
higher mortality rates at some or all ages. Differences in
mortality for adult ages lead to a skewed ratios in favour
of the sex with lower mortality (Fig. 1). Population mod-
els for species with sex-specific vital rates should include
accurate estimates of such vital rates. For our case study,
while female survival rate is more important than male
survival rate in promoting population growth, a high male
survival could compensate for low female survival
(Fig. 3). However, as female survival declines, male sur-
vival becomes increasingly important. This insight
emerges from our use of the HFF to model a polygamous
species. These results could be used to establish sex-
specific recovery goals (e.g. to achieve A > 1, a decline in
female survival from 0-95 to 0-9 could be offset by an
increase in male survival from 0-3 to 0-5).

TWO-SEX MODELS SHOULD BE DEVELOPED FOR
POPULATIONS THAT EXHIBIT BIASES IN SEX RATIO

In our analysis, we used a simple two-sex model (Caswell
& Weeks 1986; Lindstrom & Kokko 1998) where fertility
is assumed to depend on the fractions of adult males and
females for the harmonic fecundity function. Recent work
(Veran & Beissinger 2009) has highlighted the importance
of demographic and ecological factors (difference in juve-
nile mortality, sex-biased dispersal) on adult sex ratio.
Skewed sex ratio may result from environmental variation
(e.g. incubation temperature determines sex in American
alligator, Ferguson & Joanen 1982), population density

(red deer, Loeske er al. 1999) and predation (e.g. preda-
tion by herons affects sex ratios in natural populations of
the mosquito fish Gambusia affinis, Britton & Moser
1982) among other factors. As discussed above, differ-
ences in male and female vital rates may also lead to a
skewed sex ratio (Fig. 1). Our results illustrate how biases
in sex ratio may influence the response of long-term
growth rate to small changes in vital rates (Fig. 3). A
two-sex model may produce different dynamics than a
female-only density-independent model if sex ratio is
different from one. One conclusion derived from our
analyses is that reliable estimates of sex ratio are essential
for determining the importance of using two-sex models.

TWO-SEX MODELS SHOULD BE DEVELOPED FOR
SPECIES WITH POLYGYNOUS AND POLYANDROUS
MATING SYSTEMS

In mating systems with harems, female fertility becomes
more important than survival because females may com-
pete with each other for mating. For PVA, this implies
that vital rates targeted for management may respond dif-
ferently depending upon the mating system. We show that
for a polygynous species like California sea lions, accurate
estimates of operational sex ratio (estimated here as
harem size) appear to be an important parameter in
demographic PVA models because operational sex ratio
affects the growth rate of the population (Fig. 2). In addi-
tion, because we use a HFF, female survival rate must be
high to ensure positive population growth (Fig. 3). We
also find that population growth is relatively insensitive to
changes in male survival rate as long as female survival
rate is high. However, when survival rate is low for both
sexes, male rate becomes more important
(Fig. 3).

survival

WHEN TWO-SEX MODELS ARE DEVELOPED,
ELASTICITY ANALYSIS SHOULD BE CONDUCTED ON
SEX-SPECIFIC VITAL RATES

Our analyses illustrate how biases in sex ratio may influ-
ence the response of the long-term growth rate to small
changes in vital rates (Fig. 3). We have shown that elas-
ticities of vital rates depend upon the sex ratio and reflect
the response of population growth to sex-specific pertur-
bations. However, these results do not take into account
the variation in vital rates, as they were not available for
this population; this variation can dramatically affect
results and conservation actions (Mills, Doak & Wisdom
1999). When male mortality is higher than female mortal-
ity, increasing male survival may be more advantageous
than increasing female survival (Fig. 3). Hence from a
PVA point of view, managers may also want to focus on
improving male vital rates in conservation efforts, espe-
cially when female survival rates are already high (Fig. 3).
However, although our elasticity measures indicate
that male and female survival rates are important for
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conservation, there would be little that could be done to
increase these survival rates. The adult sea lions at our
study site have an estimated 0-95 probability of survival
leaving very little room for improvement. In this case, it
may be better to focus on other segments of the popula-
tion that also play a significant role in contributing to the
overall growth rate (e.g. survival of juveniles). Of course,
if the goal were simply to maintain the current increase in
population trend, then the first objective would be to
ensure continued high survival rates of adult males and
females. It may be more effective to conserve the males
over the females based on the growth rates produced with
different combinations of survival rates (Fig. 3). Deter-
mining bounds by which survival rates could drop or need
to be raised to in order to ensure positive population
growth can also help in management decisions (Fig. 3).

CONCLUSION

The importance of including details on male vital rates in
population models used in conservation has been underesti-
mated. In this paper, we show that a two-sex model can
produce different dynamics than a female-only density-
independent model if sex ratio is different than one. The
level of polygyny can affect the overall population growth
rate (Fig. 2). For PVA, this implies that vital rates targeted
for management would respond differently depending upon
the mating system. Furthermore, two-sex models generally
yield lower extinction risks than one-sex models (Fig. 4).
However, we also found that two-sex models more accu-
rately describe the long-term trends in distribution and
population size (Table 3). This suggests that two-sex mod-
els should be developed for populations that exhibit biases
in sex ratio, and underscores the importance of including
accurate estimates of sex-specific vital rates in population
models used in conservation (Fig. 3). While we use sea lions
as an example, we simulated a variety of situations where
male and female survival rates are different (Figs 1, 2 & 3).
Thus, as long as sexual dimorphism in adult mortality pro-
duces long-term skewed sex ratios, our results on sensitivi-
ties may apply generally across other taxa. That is,
sensitivities calculated from female-only PVA models will
be different from those of two-sex calculations. Vital rates
targeted for management may respond differently for males
and females and for different assumptions about sex ratio.
Thus, conservation biologists should carefully consider the
social structure and sex ratio of focal species in order to
determine whether a two-sex matrix model will yield more
accurate estimates of extinction risk than standard one-sex
models.
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