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Abstract
Context. Estimates of the sex ratio of a population are a common summary statistic used for ecological studies and

conservation planning. However, methods to determine the sex ratio often ignore capture probability, which can lead to a
perceived bias in the sex ratio when the sexes are detected at different rates.

Aims.To illustrate the bias fromconventional count-based analysismethods for determining sex ratio by comparisonwith
analytical methods that include capture probability.

Methods. Closed-population mark–recapture analysis was used to determine the population size of each sex within a
population of green and golden bell frogs (Litoria aurea). This was then compared with the traditional count-basedmethods
of estimating sex ratio to determine the effect of incorporating capture probability on the sex ratio estimate.

Key results.Moremales than females were detected during surveys, producing amale-biased sex ratiowhen therewas no
incorporation of capture probability. Mark–recapture results indicated a similar population size between the two sexes,
suggesting that the sex ratio is closer to even.

Conclusions.Methods to estimate sex ratio that incorporate capture probability can significantly reduce the bias obtained
from count data.

Implications. We suggest that population studies must incorporate capture probability to determine the sex ratio of
a population.
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Introduction

The sex ratio is a commonly used summary statistic in ecology
because it immediately identifies heterogeneity of processes
within a system (Bolen and Robinson 1995). In diocecious
species, the sex ratio changes over time through the following
two major processes: discordant survival rates between the sexes
and hermaphroditism. Because hermaphroditism is rare among
tetrapod species, adult populations that exhibit a skewed sex ratio
often indicate discordant survival between the sexes during at
least one life-history stage (Hamilton 1967). Heterogeneity in
survival can be caused by either natural ecological processes or
human-induced threatening processes, and can therefore provide
vital information in ecological studies and early conservation
assessment of species or populations (Hailey and Willemsen
2000; Solberg et al. 2002).

Despite the interpretative capacity of sex ratios, many studies
use count data to determine the sex ratio of a population, which
does not account for variation in detection probability between
sexes. This is evident in many taxa, including insects (Davis and
Rendón-Salinas 2010;Wehi et al. 2011), birds (Ewen et al. 2001;

Jaatinen et al. 2010), reptiles (Hailey and Willemsen 2000) and
amphibians (Berven 1990; Lemckert 2005), and risks false
interpretation of population dynamics.

Differences in behaviour, visibility and catchability can lead
to a bias in the perceived sex ratio of a species or population.
This is particularly evident in anurans, because males are often
conspicuous and aggregated around breeding habitat, whereas
females avoid breeding habitat until theymate (Lodé et al. 2005).
Therefore, different survey techniques have led to different
perceived biases, such as active searches resulting in male bias
(Barbieri and Bernini 2004; Goldingay and Newell 2005) and
trapping has resulted in both male and female bias, depending on
the location of traps (Berven 1990; Lemckert 2005; Alho et al.
2008).

The application of recently available software allows
conservation biologists to validate assumptions of important
summary statistics and correct for false bias. Absolute
estimates of the population size, which incorporate the
variation in catchability between sexes, provide a method to
accurately compare population sizes of each sex. Mark–
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recapture models estimate the probability of capture and its
associated variability, which can be incorporated into sex-
ratio estimation. However, few studies have used mark–
recapture software to determine the sex ratio of a population
(for examples, see Kéry and Juillerat 2004; Alho et al. 2008).

The aim of the current study is to illustrate the bias from
conventional count-based analysis methods for determining sex
ratio by incorporating different capture probabilities between
sexes by using closed-population mark–recapture modelling.

Materials and methods
Study species and site

The green and golden bell frog (Litoria aurea) is a threatened
species that inhabits ponds andwetlands of easternAustralia. It is
sexually dimorphic by size and conspicuous during the breeding
season, when it is most frequently surveyed. Previous population
studies of L. aurea have involved visual searches for individuals,
which has resulted in a male-biased sex ratio (Pyke and White
2001; Goldingay and Newell 2005; Hamer and Mahony 2007),
despite an even sex ratio at birth (Greer and Byrne 1995). It has
been hypothesised that the male bias is due to the behaviour of
males to formchorus aggregationswithin ponds,whereas females
are more secretive and are more likely to be widely dispersed
away from ponds (Goldingay 2008).

The study sitewas locatedwithinknownL.aureahabitat in the
Brickpit, at Sydney Olympic Park, Australia. The Brickpit is a
16-ha disused quarry that contains 46 freshwater ponds, varying
in size from largewetlands to small ephemeral ponds. The current
study included 12 of these waterbodies, and the surrounding
terrestrial habitat in which the density of adult L. aurea was
highest.

Field techniques

Mark–recapture was conducted over 18 nights in January of
2009 and 2010, with each year consisting of three surveys of
three nights.

Individuals were located by nocturnal surveys involving
visual searches of vegetation, aquatic and terrestrial habitat,
and then captured using a disposable plastic bag to prevent
disease transmission among individuals. Individuals greater
than 45mm in length were marked by subcutaneous injection
with a passive integrated transponder (PIT) tag according to the
methods of Christy (1996). Males develop nuptial pads ~45mm
in length, so the presence of nuptial pads indicated a male,
whereas absence of this feature indicated a female (Christy
2000). Frogs were then released at the site of capture.

Analysis

Count data
Two analyses were conducted for determining the sex ratio

using count data; these were counts with replacement and
counts without replacement. Surveys with replacement
involved counting the number of males (m) and females (f)
that were captured within each survey. Similarly, surveys
without replacement did not count animals that were
recaptured, and had previously beenmarked (Skalski et al. 2005).

The sex ratio RM
F

� �
was determined for both these techniques

using the equation of Skalski et al. (2005), as follows:

R
M

F
¼ m

f
;

where m is the count of males and f the count of females for each
survey. Variance and standard error were determined using the
methods in Skalski et al. (2005), as follows:

Var R
M

F

� �
¼ RM

F 1þ RM
F

� �2

n

Mark–recapture

To determine the population size of the two sexes, each year was
analysed independently, using the same set of a priori candidate
models in a closed-capture analysis with program MARK
Version 6.1 (White and Burnham 1999). This method of
analysis assumes that the population is closed to the effects of
mortality, migration and recruitment during the survey period;
therefore, the interval between surveyswas kept short (0–4 days).

An encounter history for each individual was created on the
basis of the three survey periods for each year, where ‘1’
represents a capture and ‘0’ represents no capture (e.g. ‘101’
represents an individual that was captured on the first and last
survey period). The sex of each individual was entered as a group
covariate.

Capture probability is subject to three major mechanisms
which can have an effect on the eventual outcome of the
model. Time variation (t) occurs when the capture probability
is different for each survey period. Behavioural response (b) is
the response of an individual to being captured influencing the
probability of it being recaptured; for example, trap shyness
commonly occurs in small mammal trapping surveys. Finally,
individual heterogeneity (h) is the event where each individual
has a different capture probability. The eight models of Otis et al.
(1978) which account for these effects and their interactions on
capture probability were run to determine the level of impact.

Two models were compared for each year, which represented
either equal or unequal sex ratios. This was achieved by
maintaining constant population size between sexes, N(.), and
varied population size between sexes, N(g). The effect of sex on
capture and recapture probability was also tested.

Model selection was based on Akaike’s information criterion
with correction for small samples (AICc), produced by program
MARK. The most parsimonious model was determined as
the model with the smallest AICc value. Program MARK
produced negative AICc values, because a negative constant is
removed from calculation to hasten processing time. The most
parsimonious model with negative values was therefore
interpreted as the value furthest from zero. The DAIC value is
thedifferencebetween amodel and themost parsimoniousmodel,
and DAIC values of less than two could not be considered
different enough to reject (Burnham and Anderson 2002). To
remedy this, each model was weighted according to the DAIC
value, and parameter outputs were averaged according to the
methods of Burnham and Anderson (2002). Models that failed to
converge were removed from the candidate model set to prevent
influence on the model averaging results.
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Results

Count data

In both years, there were a greater number of males captured than
there were females (Table 1). The male bias decreased when
recaptured animals were omitted from the analysis (Fig. 1).

Mark–recapture

Themost parsimoniousmodel for 2009 included time variation in
capture probability, with equal population sizes for both sexes.
However,models that includeddifferent population sizes for each
sex and variation in capture probability owing to sex, could not be
distinguished from the most parsimonious model (Table 2). The
most parsimonious model for 2010 included variation in capture
probability by sex, with equal population sizes for both the sexes.
The heterogeneous mixed-effect model indicating heterogeneity
in capture probability and a sex varying capture probability
model with different population sizes for each sex could not
be distinguished from the most parsimonious model (Table 3).

Model-averaged estimates for male and female population
size indicated a slightly male-biased sex ratio. The difference
between the population sizes, however, were not significant, thus
indicating less male-bias compared with the count-data analysis.

Discussion

Incorporation of unequal catchability using mark–recapture
methods had an appreciable effect on the sex-ratio estimates

for the Brickpit population of L. aurea. The field techniques to
collect count data resulted in the over-representation of males,
which has been observed in other population surveys for this
species.

Development of methods for estimating population
parameters should aim at minimising the number of
assumptions of biological consequence (Soetaert and Herman
2009). In this case, removal of the assumption of equal
catchability had a significant effect on the perceived sex ratio,
transforming a male-biased sex ratio to a sex ratio which was not
significantly different from 1 : 1.

The implication of such inaccuracies can be seen in the
application of sex ratios. Ecological and conservation projects
are increasingly utilising sex ratios to detect impacts and as a
parameter of population models to project fluctuation and
viability (Lacy 1993; Jenouvrier et al. 2010), particularly for
threatened species (e.g. Haig et al. 1993). Sex ratio can be an
indication of threatening factors that have a greater impact on a
particular sex, such as disease (Davis and Rendón-Salinas 2010)

Table 1. Summary of the number of captured Litoria aurea individuals
for each survey

The number of newly captured animals during each survey period is shown
in parentheses

Parameter Survey 1 Survey 2 Survey 3 Total
(captured)

Total
(individuals)

2009
Males captured 49 (49) 48 (21) 34 (11) 131 81

25 (25) 30 (15) 22 (13) 77 53
2010

Males captured 44 (44) 47 (19) 39 (8) 130 71
Females captured 24 (24) 28(15) 27 (8) 79 47
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Fig. 1. Estimates of sex ratios (male : female) based on count data
(a) without replacement and (b) with replacement and (c) using
mark–recapture analysis to determine absolute population size for each
sex. Error bars indicate standard error.

Table 2. Summary ofmodel selection results used to predict population
size of Litoria aurea in the Brickpit, Sydney Olympic Park, for the 2009

breeding season
Capture probability (p), recapture probability (c) and population size (N)
included the effects of time (t), sex, their interaction (sex� t) and a mixed-
effect parameter (pi) accounting for individual heterogeneity in capture

probability

Model Deviance K AICc DAICc wi

p(t) = c(t) N(.) 25.95 4 –351.65 0.00 0.33
p(t) = c(t) N(sex) 24.83 5 –350.72 0.93 0.21
p(sex) = c(sex) N(.) 29.84 3 –349.80 1.85 0.13
p(sex) = c(sex) N(sex) 29.75 4 –347.85 3.80 0.05
p(sex� t) = c(sex� t) N(sex) 21.78 8 –347.56 4.09 0.04
p(pi) pi(sex) N(.) 28.00 5 –347.55 4.10 0.04
p(sex) c(sex) N(.) 28.59 5 –346.96 4.69 0.03
p(.) c(.) N(sex) 30.92 4 –346.68 4.97 0.03
p(sex) c(sex) N(sex) 27.34 6 –346.14 5.50 0.02
p(pi) pi(.) N(.) 31.63 4 –345.97 5.68 0.02
p(.) c(sex) N(sex) 30.47 5 –345.09 6.56 0.01

Table 3. Summary ofmodel selection results used to predict population
size of Litoria aurea in the Brickpit, Sydney Olympic Park, for the 2009

breeding season
Capture probability (p), recapture probability (c) and population size (N)
included the effects of time (t), sex, their interaction (sex� t) and a mixed
effect parameter (pi) accounting for individual heterogeneity in capture

probability. K is number of parameters and wi is model weight

Model Deviance K AICc DAICc wi

p(sex) = c(sex) N(.) 19.39 3 –341.56 0.00 0.23
p(pi) pi(sex) N(.) 16.04 5 –340.81 0.74 0.16
p(sex) = c(sex) N(sex) 19.31 4 –339.60 1.96 0.09
p(t) = c(t) N(.) 19.70 4 –339.21 2.35 0.07
p(sex) c(sex) N(.) 18.71 5 –338.15 3.41 0.04
p(.) c(.) N(sex) 20.81 4 –338.10 3.46 0.04
p(t) = c(t) N(sex) 19.21 5 –337.64 3.91 0.03
p(sex) c(sex) N(sex) 18.56 6 –336.23 5.32 0.02
p(g� t) = c(g� t) N(sex) 16.71 8 –333.93 7.62 0.01
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and predation (Wehi et al. 2011). In addition, population models
require an estimate of the breeding population, which is the
number of reproductively active individuals that are available
to contribute towards recruitment. This is primarily based on the
following three parameters: overall population size, mating
system of the species and sex ratio (Lacy 1993). A sex ratio
away from 1 : 1 reduces the breeding population size of
monogamous species, because the excess individuals of the
more abundant sex cannot breed. Alternately, polygynous
species can have a female-biased sex ratio, because a single
male can breed multiple times (Leopold 1933; Bolen and
Robinson 1995).

The male-biased sex ratio recorded in previous studies of
L. aurea would indicate lower survival in females, which are
generally more important for long-term sustainability of
polygynous species (Bolen and Robinson 1995). The
implication of this discrepancy for the conservation of the
species is therefore important if a biased estimate were used to
determine management actions for the protection of the species.

The problem of unequal catchability is ubiquitous in animal
surveys and population ecology. Sex is one of themost important
factors for unequal catchability, and should not be ignored. The
present study has illustrated this point, and we recommend that
estimates of sex ratio avoid the use of count data where capture
probabilities of each sex cannot be determined separately.
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